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1COROl^A IN HYDROGEN
CHAPTER I INTRODUCTION
I GENERAL STATEIvIENTS.
A, Definition of Corona . Corona is the discharge of elec-
tricity from the surface of a conductor through a gaseous in-
sulator which has been rendered partially conducting in the
immediate region of the conductor hy excessively high dielec-
tric stresses in this region. The pressure of the dielectric
may have any value between twenty millimeters of mercury and
atmospheric pressure.
B. Brief History of Corona Investigations . Probably the
first investigational work in the corona field was done by Mr..
Mershon in 1898 on the lines of the Telluride Power company
of Colorado. The tests on this line were made jointly by Mr.
Nunn of that company and Mr. Mershon, and the paper published
presents the effects of these corona losses and the method of
measuring them. Professor Ryan then commenced to study the
laws of corona discharges in his laboratory, publishing his
first paper on the subject a couple of years later. Mr. Mer-
shon continued his researches in the field at Niagara and
elsewhere, and others took up the investigation in their lab-
oratories or on their power transmission lines. Thus a new
field of electrical research was developed and the whole elec-
trical industry has evidenced a growing interest from the be-
ginning.

C. Commeroial Importance of Corona > The Phenomena of Co-
rona can be of importance to the commercial world only when
the maximtun value of the operating potential equals or exceeds
the critical voltage at which corona losses start. In America
the potentials used in the transmission of power "by direct cur-
rent have not become great enough to produce appreciable coro-
na losses. However, the alternating current transmission line
operating potentials used are much higher than the direct cur-
rent potentials and many times the corona power loss on long
lines becomes appreciable. Also the corona leakage through
bushings, line insulators and machine windings may cause ex-
cessive heating in these parts of the circuit. Ozone is pro-
duced when air forms a part of the dielectric in which corona
occurs and as ozone is a very strong oxidizing agent it causes
a rapid deterioration of most insulating compounds. Rubber com-
pounds are especially susceptible to these deteriorating effects.
For these reasons one of the most important considerations
in the design of extremely high voltage apparatus is the con-
sideration of the effects of corona leakage currents, both as
to loss of power and as to destructive qualities.
It is also possible to make use of the corona currents in
dust precipitation work.
D« Investigators in the Corona :Field . The phenomena con-
nected with alternating current corona have been investigated
by Steinmetz, iiiyan. Peek, Whitehead, Bennett, and others and
formulas have been developed for the starting voltage in air
for different sizes of wire and at various pressures. Watson,

3Shaffers and Harwell have done the most important investigational
work in the direct current corona field. J. S. Townsend and
Bergen Davis have developed theories of corona; both theories
have as a basis the theory of ionization by impact as developed
in this paper.
A comprehensive theory explaining the greatly increasing
loss of energy from the conductor as the potential is increased
beyond the critical value is yet to be developed.
E. Production and Space Distribution of Dielectric Stress .
When two electrical conductors, insulated from each other
by a gaseous dielectric such as air, are charged to different
potentials electrostatic stresses are produced in the dielec-
tric between them. The magnitudes and the space distribution
of these stresses depend upon the shapes and dimensions of the
conductors and the intervening dielectric, and upon the spec-
ific inductive capacity of the dielectric. In the case of two
parallel cylindrical wires separated by a homogeneous dielec-
tric the magnitudes and distribution of the stresses are given
by the equation
lde2<ill E 11 *
p m a — ( - + ) B ( - + ) dynes
K dr Z r D-r 2 log D-r r D-r
r
where F = electrostatic stress = potential gradient.
e = potential at any point within the dielec-
tric and in the plane of the wires.
r » the distance from the axis of one wire to
the point considered.
R = the radii of the wires.
* Formula developed in Appendix I.

4D = the distance tetween wires.
K = the specific inductive capacity of the die-
lectric.
q = the charge per unit length of wire.
An inspection of the equation shows that the maximum value of
the stress in the dielectric occurs at the wire surface (where
r = R), and that when the radii of the wires are made to ap-
proach zero as a limit the stress at the wire surface approach-
es infinity as its limit. Hence with a constant distance be-
tween conductors rupture or break-down of the dielectric occurs
at the surface of the conductor before occuring at points re-
mote from the surface; also the equation shows that the criti-
cal voltage (the potential difference at which the dielectric
begins to break down) increases with increasing wire diameters.
Similarly we find the equation for the dielectric stress
between a wire and a tube (the wire strung axially inside the
tube so that the whole is concentric ) to be
1 de 2q B
J' = - — * — a 5 dynes*
K dr Er r log
_1
R
where R-j. inside radius of tube.
R = radius of conductor.
E = P.D. between conductor and ground.
The tube is supposed at ground potential.
With this type of apparatus it is seen that as before the max-
imum value of dielectric stress occurs at the surface of the
wire and that the stress at this point increases v/ith a decrease
* Formula developed in Appendix II.

of conductor radius. Hence tlie "breaking down point of the di-
electric will again occur first at the wire surface - and at
a potential varying with the diameters of the wires used.
In fact with most forms of apparatus the maximum value of
the dielectric stress occurs at the Junction of the conductor
and insulator; and the value of P. L. necessary to cause a
partial break-down of the dielectric (the critical voltage)
is proportional to the minimum radius of curvature of the con-
ductor.
When the critical voltage is impressed upon either form of
the above apparatus, or upon any general form, the dielectric
immediately surrounding the portion of the conductor whose ra-
dius of curvature is the least breaks down into a partially
conducting medium and a redistribution of the forces takes place
in the field between the conductors. In case this redistribu-
tion does not produce forces in the remainder of the dielectric
large enough to cause further rupture (and actual test shows
that it often does not, but that at the instant of break-down
the forces in the medium immediately surrounding the wire in-
crease enormously with a consequent decrease in the magnitudes
of the forces in the remainder of the field) the discharge will
be limited to the regions immediately surroimding the conduc-
tors. Under these conditions an equilibrium will be established,
the discharge will become stable and equal amounts of energy
will be dissipated in equal times. This energy will appear
wholly in the forms of heat, light and chemical action. Further
increases in the P. D. between conductors will tend to extend

6the volume through which the discharge takes place, there-"by
decreasing the effective dielectric thickness, changing the
field distrihution and increasing the energy loss. Finally,
with a sufficient increase of P. D. the dielectric will he com-
pletely broken down. The ordinary concentrated form of discharge,
the arc, forms at this stage, marking a very radical change in
the type of discharge through the dielectric. The quantity of
energy dissipated increases enormously, the conductors "become
heated "by radiation and conduction from the arc and pitting or
burning of the conductor surface often results. The P. D. nec-
essary to cause the arc is called the "aro-over" voltage.
The entire field of the corona discharge has now been de-
scribed. It extends froia the critical voltage to the arc-over
voltage, from the point marking the first appearance of light
to the arcing stage, and the discharge represents an in-phase
power loss. Light phenomena accompany the discharge throughout
the whole field. When air is the dielectric a blue light is
produced at the points of rupture either upon reaching the cri-
tical voltage stage or immediately after. The P. D. at which
light is produced is known as the "glow voltage."
F. Ionic Theory of Corona Formation . The modern ionization
theory of the conduction of electricity through gases explains
the phenomenon of rendering a gaseous dielectric partially con-
ducting as follows:
^.Vhen a sufficiently high P. D. is placed across a gas many
of the molecules of the gas break up into smaller, electrically
charged particles called ions, some of these particles being

positively and some negatively charged. These ions act as car-
riers, transporting electricity through the gas from one charged
surface to the other. Under these conditions the gas is rendered
at least partially conducting and is said to be ionized.
As the potential difference across the dielectric is increas-
ed the numbers and velocities of the ions increase, with a con-
sequent increase of current density in the dielectric. Finally,
however, as the potential difference is increased the velocities
of the ions become great enough to form other ions by impact
with the molecules of the dielectric. This phenomenon is known
as ionization by collision. Obviously at this stage the number
of ions suddenly increases manyfold. The current increase per
unit increase of potential difference is correspondingly large.
This marks the beginning of the corona stage.
It so happens that the ion velocity necessary to produce
new ions by collision is very nearly equal to the velocity nec-
essary to produce light, so that a faint bluish glow along the
conductors either accompanies or immediately follows the pro-
duction of corona.
II GEWERAI RESULTS OF IFVESTIGATIOUS IN AIR.
A. Early Investigations . As early as 1904 Ryan discovered
that, for alternating current corona and the particular size of
conductor which he used, the critical intensity is a linear
function of the pressure throughout the range of pressures from
40 to 90 cm. of mercury. A similar relation was shown to hold
for variations with temperature between 21 and 93 deg. cent.
(Later investigations have proven the conclusions of this in-

8vestigation erronious )
.
In 1909 Watson, using conductors ranging in size from 0.7
to 9.5 mm. in diameter, determined the relation between pres-
sure and critical intensity to be linear for direct current
corona for the range of pressure 36 to 76 cm. of mercury. A
linear relation between critical intensity and temperature for
temperatures ranging from 8 to 41 deg. cent, and for wires
ranging from 1.2S to 4.75 mm. in diameter was also shown to
exist.
Early papers also showed fa) that the critical intensity
is independent of free ionization, moisture content and veloc-
ity of the air; fb) the visual critical intensity is identical
with that determined by an electroscope; (o) the critical in-
tensity for clean round conductors at atmospheric pressure and
with a temperature of 20 deg. cent, is given by the law
B
g = A + - where A and B = constants.
D = conductor diameter,
(d) Peek showed a linear relation to hold between critical in-
tensity and temperature practically throughout the whole range
of temperatures from -£0 to +140 deg. cent.; (e) for a concen-
tric wire cylinder apparatus Peek gave the formula
0.308
g = 31-Tf 1 + )
l/9r
where g = critical intensity in kv. per cm.
r = radius of conductor in cm.
3.9£ p
cp «,
273 + t

9p = pressure in cm. of mercury,
t = temperature in deg. cent,
covering the variations of critical intensity with change in
temperature, pressure and conductor radius.
Professor Townsend and others have shown the free mean
path of electrons in air at 76 cm. pressure and 20 deg. cent,
to be of the order of 6»10"^ cm., or six times the mean free
path of the molecules of the gas.
Peek makes the statement: "At a gradient of Sq ° ^»
per cm. (9 1) the velocity of the ions becomes sufficiently
great over the mean free path to form other ions by collision
with the molecules. This gradient is constant and is called
the dielectric strength of air. When ionic saturation is reach-
ed at any point the air becomes conducting and glows. Corona
cannot form when a gradient of go is reached at the surface of
the wire, as at any distance from the surface the gradient is
less than go and ions will not be formed by impact. But corona
starts when the gradient at a point 0.301 \/r cm. from the wire
surface becomes equal to go. The gradient at the surface must,
therefore, be increased to gy so that the gradient at a finite
distance away from the surface fO.SOlVr cm.) is gQ. This amounts
to the same thing as saying that energy is necessary to start
corona."
The characteristics of the corona discharge seem to depend
upon the nature of the potential applied, the character and
condition of the dielectric and the spacing sjid physical pro-
perties of the conductors.
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B. Wliitehead's Investigations of A» C« Corona .
Professor ?/hitehead, using a totally inclosed 20-cm. dia-
meter iron tulje 90 cm, long, investigated the variation of
critical intensity with the pressure and the size of conductor
throughout the range of pressure from 5 to 108 cm. of mercury
with wires ranging from 2.3 to 9.5 mm. in diameter. The temper-
atures used ranged from 5 to 56 deg. cent. The gold leaf elec-
troscope was used to detect the point at which corona appears.
A 10-kw. , 100-kv. , 60 cycle transformer supplied the corona
voltage. The results of this investigation follow:
(a) The general form of Peek's formula for concentric cylin-
ders holds, hut with the following constants
0.235 3.92 p
g » 33.6 9( 1 + ) where ^ = as before.
#r 273 + t
ft) Experiments with carton-dioxide indicate that the criti-
cal corona intensity is independent of the absolute density of
the gas, hut depends upon the number and spacing of the mole-
cules, in accord with the theory of secondary ionization (ion-
ization by impact).
C. Bennett's Investigations of A. 0. Corona .
Professor Bennett investigated the alternating current co-
rona field using the sejne general type of concentric cylinder
apparatus as Whitehead but on a much larger scale. Two types
of tubes were used, one an 8-in. iron pipe 20.6 cm. in diameter
by 518. cm. long, and the other a cylinder of galvanized iron
wire mesh 36.8 cm. in diameter and 311. cm. long. The mesh was
1.27 cm. sq. and the wire 0.112 cm. in diameter. Grounded end
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shields 60 cm. long were used at the ends of the mesh cylinder,
Wo shields were used with the iron pipe.
A 50-kv. , 20-kw. transformer supplied the high alternating
potentials used. An induction regulator varied the impressed
voltage "by the desired amount. The harmonics were removed from
the voltage wave impressed across the corona tuhe ty inserting
an air core inductance in the primary circuit of the transform-
er and a bank of condensers across the secondary terminals.
The inductance and condensance were adjusted to offer a maximum
impedance to the harmonics, and there-by approximately a sine
wave of voltage was impressed between the wire and the tube.
A current transformer of ratios of transformation of 100, 200
and 600 respectively was used to measure the corona current.
The charging current of the wire-tube apparatus was eliminated
from the corona current waves as reproduced by the oscillograph
element by properly adjusting a differentially wound coil on
the current transformer and supplying it with e.m.f. from a
condenser placed across the transformer secondary. The magni-
tudes of the corona currents obtained with this large tube were
of the order of 5*10"'^ amperes. (Harwell obtained approximate-
ly the same values of current with small 4.45 x 25 cm. tubes).
All experiments v/ere made with a frequency of 60 cycles per
second. A summary of Professor Bennett's work as outlined by
himself follows:
The distortion in the current wave form, which results
from copious ionization at the time of the voltage peak, is
observed simultaneously with the hissing sound and bluish dis-
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charge from the wire. At air pressures below EO cm. of mercury
copious ionization - as indicated by the hump on the oscillo-
grams - sets in at a lower voltage during the half cycle for
which the wire is the cathode than during the half cycle for
which it is the anode. At atmospheric pressure it has been im-
possible to determine whether there is any difference in the
voltage at which the distortion appears in the two half cycles,
The boundary of the ionized region does not gradually expand
outward from the wire with the increase in voltage during the
half cycle. The loss of insulating properties in the air sur-
rounding the wire must be conceived of as taking place with
extreme suddenness. The evidence of this is the oscillation in
the current shown on the oscillograms.
At air pressures near atmospheric, the asymmetry which re-
sults from the combination of the two conditions, namely, cur-
rent carriers having different properties - positive and nega-
tive ions - and a field between ujisyrametrical electrodes, man-
ifests itself in two ways: (a) the loss of insulating proper-
ties by the air is much more sudden in the half cycle in which
the wire is cathode, fb) at voltages slightly higher than the
corona voltage, the pov/er loss in the corona is greater during
the half cycle in which the v/ire is anode. At higher voltages
the percentage difference between the power loss during the
two half cycles becomes extremely small. At low air pressures
the asymmetry manifests itself as follov/s: (a) for a consider-
able range of voltages above the corona voltage copious ioni-
zation seems to occur only during the half cycle for which the
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wire is the cathode; (b) at these voltages the peek value of
the current when the neg&tive ions travel outward from the wire
is far higher than when they travel inward toward the wire; the
time of outward flow is, however, far shorter than the period
of inward flow. Under these conditions, it is seen that the av-
erage values of the currents in the two directions may differ
hut slightly, while the root-mean- sguare values are greatly
different
.
At voltages above the corona voltage copious ionization
sets in at a lower voltage in the half cycle for which the wire
is the cathode than in the other half cycle ; in other words
,
copious ionization is initiated earlier in the cycle when the
wire is cathode than when it is anode. The quadratic relation
between poY/er expenditure in the corona and the impressed volt-
age, developed by other investigators for parallel conductors,
is shov/n to apply to the single case of concentric cylinders
for which the losses were obtained. There is some evidence that
several cycles may be required after applying the voltage for
the conditions between concentric cylinders to reach a steady
state. A curve is plotted showing the relation between the air
pressure and the voltage required to cause the distortion to
appear in the current wave form.
D. Harwell's Investigations of D.. C. Corona .
Dr. Harwell, using a system of thirty 500-volt direct cur-
rent generators connected in series as a source of continuous
potential studied the characteristics of corona in air as pro-
duced between parallel wires, and between a concentrically ar-
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ranged wire and cylinder. The corona producing voltages were
impressed directly across the wires in the first form of appar-
atus and between the wire and the tube in the second. A vacuum
pump produced the pressure desired within the tube. Tests were
made on wires ranging from Ho. 20 to No. 40 B. & S. gauge. The
tube used was of brass, 25 cm. long and 4.46 cm. in diameter.
The results of the investigation follow:
When corona is formed by applying continuous potentials to
parallel wires the positive discharge (discharge at the positive
wire) takes the form of a thin layer of bluish light immediately
surrounding the wire. The negative discharge assumes the form
of bright spots called "beads." These beads are more or less un-
iformly distributed along the wire surface.
When continuous potentials are applied to the concentric
cylinder form of apparatus as shown in Figs. 2,5 and 6 the co-
rona phenomena are very similar to those observed with the par-
allel wires. With the wire positive and the tube negative the
discharge is characterized by a uniform, continuous, bluish glow
Ht all pressures and for all sizes of wire studied. Ho visible
discharge appears near the tube surface. As the voltage is in-
creased the dielectric ionization, the electron velocities and
the current density increase, the discharge becomes more bril-
liant and finally, if the voltage is increased sufficiently an
arc forms. The positive end of the arc generally is not hot
enough to burn the wire in two.
?/ith the wire negative and with atmospheric pressure the
first indication of the failure of the air as an insulator is
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an unstable glow surrounding the wire. As the potential is in-
creased the character of the discharge changes, the current be-
comes steady and beads form at more or less regular intervals
along the wire. If the current is increased above certain lim-
its the discharge character again changes and an arc is formed.
The negative end of this arc is very hot and the wire is almost
sure to be burned off unless the circuit be broken immediately
after passing to this stage of the discharge. The general appear-
ance of these discharges is not changed by a decrease of dielec-
tric pressure until a pressure lower than ten millimeters of
mercury is reached.
The discharge is noiseless for wires smaller than No. 86
(0.24 mm. in diameter). A slight hissing occurs with this size.
Both the volume of the discharge (wire negative) and the inten-
sity of the sound increase as the diameter of the wire is in-
creased. J'lashes lighting the interior of the tube occur when
the circuit is closed with the wire positive. Flashes do not
occur when the switch is closed with the wire negative. For a
given voltage and pressure the corona current increases with a
decrease of the wire diameter; with a given voltage and v/ire
diameter the current decreases with a decrease in pressure; and
for a given current and wire diameter the voltage and the bril-
liancy of the beads which make up the discharge surrounding the
negative wire increase with a decrease of pressure. With a given
wire the number of beads increases with an increase of pressure;
but the individual beads diminish in size.
The relations between the critical (corona starting) volt-
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ages and virire diameters for different sizes of wire have been
determined, both for positive and for negative discharges. In
general the critical electrical intensity - the volts per cen-
timeter at the surface of the wire which are necessary to start
the corona discharge - differ for the two cases. For small sizes
of wire the negative glow appears at lower potentials than the
positive, while for larger sizes the reverse is true. With air
at atmospheric pressure as the dielectric, Pai^ell found the
critical disjneter - the diameter at which the critical voltages
for the vtTire positive and the wire negative are equal - to he
0.075 mm. which corresponds to a Uo. 40 wire. For sizes of wire
larger than Uo. 40 the curves for the two polarities cross. For
the lower voltages the positive current is the greater and for
the higher voltages the negative current is the greater.
The characteristic curves (curves between voltage and cur-
rent for any particular size of wire) become more nearly paral-
lel to the current axis as the wires increase in size. The crit-
ical and glow voltages are different. The former is the lower.
Moisture in the dielectric decreases the magnitude of the dis-
charge for a given potential difference. With the wire positive
and the tube negative a five per cent decrease of current was
obtained with a change in dielectric, humidity of 68.5 per cent.
And under similar conditions with the wire negative the current
decrease with constant potential 7/as ten per cent. An increase
in temperature from 15 to 25 deg. cent, increased the current
corresponding to a given voltage. Steel, iron, copper and nick-
el wires were tested to determine the effect of the material
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upon the character and magnitude of the dischg.rge. No great dif-
ferences in the characteristics were observed. An attempt was
made to deflect the discharge hy means of strong magnetic fields
Wo effect upon the appe&rence or magnitude of the discharge has
been detected.
A sudden dielectric pressure increase has been observed at
the instant the corona discharge appears. This increase is of
the order of one centimeter of mercury at atmospheric pressure.
The increase for the wire negative was greater than for the wire
positive. In all cases the increase in pressure is proportional
to the increase in current, showing this to be an ionization
phenomenon,
A short arc in series changes the positive discharge from
a blue glow to a more brilliant purple glow of greater diameter.
Its boundaries are more ragged with than without the arc. The
negative discontinuous brush discharge is changed to a glow
with beads in it. The introduction of the arc into the circuit
superimposes a high frequency alternating current upon the im-
pressed direct current, thus giving a combination of positive
and negative characteristics.
If, when producing corona between two parallel wires at at-
mospheric pressure, a short arc is placed in series with the
tube both wires become covered with a nearly uniform glow. Por
lower pressures bluish streamers occur between wires, and for
still lower pressures the discharge resembles luminous rain.
E. Owen's Investigations of D. G. Corona .
Ov;en extended the investigation of direct current corona
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in air to include the electric field distribution between Par-
well *s concentric cylinder apparatus consisting of a copper wire
and a brass tube 25 cm. long and 4.45 cm, in diameter. Ee found
that for the corona stage, under almost all conditions of pres-
sure, voltage and current investigated, the field in the tube
departed widely from the true electrostatic field. It was not
possible to obtain very accurate data in the immediate vicinity
of the wire but the deviation from the electrostatic field at
this point was much less than in the other parts of the field.
The distortion of the field is probably due entirely to the su-
perposition of another electric field, this latter field having
its origin in the ions of the dielectric.
Owen's investigation is of special importance since it ex-
poses at least one of the fallacies of all theories of corona
thus far proposed, namely, the assumption that the electric in-
tensity at the surface of the wire is the same as that produced
by the electrostatic field. IJo theory has yet taken into con-
sideration the field produced by the free ions in the tube.
Ill OBJECT OF THE PRESENT INVESTIGATIOIT.
Because of the immediate need of reliable corona limiting
data for the design of high voltage electrical apparatus the
great majority of the corona investigations conducted thus far
have been confined entirely to the study of the corona charac-
teristics as found when continuous or alternating potentials
are applied between parallel wires and between parallel cylin-
ders concentrically arranged, and having in almost every case.
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air as the dielectric. Air, however, changes in chemical compo-
sition immediately upon the formation of corona so that if ac-
curate data is desired within the corona discharge region itself
some arrangement must he made to insure a uniformity of chemi-
cal structure in the dielectric at all times. Generally this is
accomplished by replacing the gas immediately surrounding the
conductors as fast as its composition changes. This renewal of
gas cannot always "be satisfactorily accomplished however, es-
pecially if the characteristics at gas pressures lower than at-
mospheric are to be studied.
The present investigation was undertaken with chemically
pure hydrogen as a dielectric for at least two reasons , - first
,
to eliminate any possibility of a non-uniformity of dielectric
composition affecting the results (the structure of hydrogen is
not known to be affected by electric discharges), and second,
to determine the law of corona formation in a pure gas. It was
thought that probably the fundamental laws of corona formation
could be studied with less difficulty and with a greater assur-
ance of reliable results if pure gases only were used as die-
lectrics. It is also probable that with the laws thus establish-
ed the behavior of corona in air or in any other mixture of
gases can be predicted with accuracy. It was hoped that the
data thus obtained would help account for some of the thus far
unexplained phenomena accompanying the production of corona,
and that with a sufficient accumulation of data some theory
based on fundamentas principles and explaining the observed
phenomena might be evolved.

so
As far as is ]mown no corona investigations with pure hy-
drogen as the dielectric have "been made previously to those
recorded here.
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CHAPTER II DESCHIPTIOH OF APPARATUS
I SOURCES OP HIGH VOLTAGE POWER.
A, Direct Potential Generating System * The plant used for
the production of high potential direct currents consists of
forty, 500-volt, 250-watt, shunt generators. The machines are
divided into three sets, one of twenty machines and two of ten
machines each as shown by Pig. 1. Each set is driven by a shunt
motor. The armatures of the machines are permanently connected
in series, and the field of each machine is connected across
its armature as shown in the diagram of connections, Pig. 2. A
knife switch is included in each field circuit so that any ma-
chine may be excited or allowed to run idle as desired.
The frames of the machines are thoroughly insulated from
the ground and the shafts are connected together through flex-
ible insulating couplings. In the newest part of the installa-
tion one side of the armature of each machine is connected to
the frame of the machine. In this manner the greater part of
the dielectric strain is put on the insulation external to the
machine and the strain between the armature winding and the
frame is definitely limited to the potential generated in the
one machine.
One terminal of the generating plant is grounded. The other
terminal is connected to the high-tension bus through a high
resistance consisting of a glass tube filled with water and
a mercury disconnecting switch. The resistance is for protective
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'W -JOO Vol t JAmp. Dcrec t
Current Generator^
^ield Rheostat,
Ground
Bus
Heluin Vo/tmeter
O- ZO,0OO.
CxAaust Tube
f-Srass Tube1
Switches
WLre^
Glass Sn d Riates-
Axjrtpn Shunt
Merc u rij
Swt t ch
Water
/Resistance
Galuanometer-
Diagram or Connections.
FIG. 2.
purposes only. Its function is to limit the current in case the
voltage suddenly becomes excessively high and produces an arc
between the wire and the tube, or in case of accidental short
circuit.
Attracteid Disc Elcctromctc/^.
FIG. 3.
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The line potential can "be adjusted to give any desired value
up to 20,000 volts as a maximum "by (a) closing the desired num-
ber of field switches, Cb) varying the speed of any of the sets
of machines, and (c) by changing the resistance in the field of
the generator connected to the grounded side of the line.
B. The Alternating Potential Generating System . ffig. 4
shows the diagram of connections used during the alternating
current investigations. 110-volt, 60-cycle power was obtained
from the lighting mains supplying the corona room with light.
COWHECTION ©lAOHAM
FOR HALP WAVS RECTIFICATION
Pig. 4.
The primaries of two 7,5-kw., llO/SOOO-volt , and two 7.5-kw.,
110/E400-volt transformers were connected to these mains through
5-ampere fuses and a double pole switch. A stove-pipe resistance
unit was connected across the mains eJid the transformer primar-
ies as shown. This particular arrangement of the series resist-
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ance - commonly spoken of as the potentiometer principle of con-
nections - was used in order to limit the corona current in the
region of the voltage peak. It materially lessened the dangers
of spark-over in the tuhe at high current densities. The trans-
former primaries were connected in parallel and the secondaries
in series, so that the total normal effective value of e.m.f. im-
pressed across the tuhe with no resistance in the primary was
approximately 10,800 volts. All gradations of voltage from zero
to this value could ohviously te obtained at will. A 400,000-ohm
water resistance was inserted in the secondary circuit for pro-
tective (and other) purposes during many of the tests. The cen-
ter point of the secondary circuit was grounded to protect the
transformers, the galvanometer and the oscillograph element.
II THE COHONA TUBS AED AOCOmMYIEGr APPARATUS.
A concentrically arranged wire-tuhe type of corona appara-
tus shown at 5 in Fig. 5 was used throughout the investigations.
The tuhe was of brass, 25 cm. long and 4.45 cm. in internal dia-
meter. The entire interior was highly polished. Glass plates
were sealed onto the ends of the tube with a composition con-
sisting of equal parts of beeswax and rosin (known commercially
as half-and-half wax). Holes were drilled in the centers of the
end-plates to allow the wire to enter. A bottomless glass bot-
tle with a ground glass stopper was sealed onto one end-plate
(not visible in Fig. 5) with half-and-half wax. The wire was
passed through the end-plate and fastened to the stopper through
a uniform tension producing medium consisting of a spring. The
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opposite end of tiie wire v/as passed through the remaining end-
plate and rigidly fastened to a support as shown. Red Bank of
England sealing wax sealed the wire to the glass plate. The
Fig. 5.
1 0-3500 Braun Tjrpe Voltmeter.
2 0-20,000 Zelvin Type Voltmeter,
3 Telescope.
4 D'Arsonval Galvanometer.
5 Corona Tube
.
6 Absolute Manometer.
7 Geissler Tube Connection
8 Exhaust Pump Connection.
whole apparatus was made air tight with the wax. A T-tuhe was
attached to the brass cylinder for exhaustion purposes; a closed-
end manometer, 6 of Fig. 5, was connected in the system to de-
termine the gas pressure; and a Geissler tube was connected at
7 of Fig. 5 to facilitate the making of composition tests.
Ill THE GAS PRODUCER AM) PURIFIER.
The hydrogen used in these investigations was produced by

S7
"bringing an alloy of lead and sodiiim commercially known as hy-
drone into contact with water inside of an air-tight vessel.
The sodium reacts with the water to produce hydrogen. The lead
acts as a retarding agent only. Prom this gas producer the hy-
drogen is led to a copper containing tank in which it is stored
until needed.
The purifying apparatus consists of drying bottles contain-
ing concentrated sulphuric acid and calcium chloride, and a fur-
nace containing red hot metallic calcium. The drying agents re-
move any water vapor present and the calcium removes all traces
of 03jygen and nitrogen. Immediately upon being purified the hy-
drogen is conducted to the corona apparatus. The possibility of
contamination after leaving the purification plant is thus min-
imized.
IV lUSTRUMEWTS USED AKD THEIR CAIIBRATIOK.
Fig. 6 is a general view of the instruments and their en-
virons. 1 and 2 are electrostatic voltmeters of the Braun and
Kelvin types respectively. The braun voltmeter has a range of
3500 volts, and the Kelvin instrument a range of 5,000, 10,000
and 20,000 volts, depending upon the number of riders used.
These voltmeters were calibrated from time to time by means of
an attracted-disc electrometer.
The electrometer is shown in Fig. 3 and is operated as
follows. Connect the tv/o points whose potential difference is
desired to the two plates, the point of higher potential to the
lower plate and the point of lower potential to the upper plate

Fig.
1. Brairn Type Voltmeter.
2 Kelvin Type Voltmeter.
3 D*Arsonval Galvanometer.
4 Geneva Telescope.
5 Balance for Electrometer.
6 Groimded Bus.
7 High-tension Bus.
6.
8 High-tension Switch.
9 Corona Wire-tuhe Apparatus.
10 Absolute Manometer.
11 Motor Field Rheostats.
12 Stove-pipe Resistance.
13 7 cm. Corona Tube.
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known as the guard ring. Also connect the point of lower poten-
tial to the suspended disc. The connection to the disc is made
through the frame of the balance. An electric field between the
upper plate and the lower plate will have been established upon
the completion of the connections. The intensity of this field
will depend upon the distance between the plates and the differ-
ence of potential of the two points, and the force of attraction
between the plates is directly proportional to the intensity.
That portion of the total force which is exerted on the disc is
measured by means of the balance.
Knowing the dimensions of the plates, the distance between
the plates and the force, the difference of potential may be
calculated by the formula*
I 8 n g W
Y « D I where V = potential difference.
II
A
D = distance between plates,
W =» weight on balance in grams.
A = effective area of disc.
g = acceleration due to gravity.
The function of the guard ring is to produce a uniform elec-
trostatic field between the suspended disc and the lower plate.
However, there is still a considerable spreading of the electro-
static lines of force at the outside edge of the disc and it is
practically impossible to obtain absolutely accurate determina-
tions of the difference of potential corresponding to a given
force. Determinations that are accurate to within one-half of
one percent are obtainable hovifever if the distance between the
*The theory of the electrometer is given by Clerk I\towell.
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plates is made short as compared to the diameter of the guard
ring. Under these conditions the spreading of the lines of force
is very small, and the effects of the boundary conditions (at
the outside edge of the guard ring) also hecome negligible.
The corona current which flows between the wire and the
brass tube is measured by means of a D*Arsonval galvanometer
and Jyrton shunt. The galvanometer, shunt and tube are connected
in series. The figure of merit of the galvanometer is determined
from time to time, an accurate resistance of high value and a
calibrated dry cell being used in making the determinations.
The cell is calibrated by means of a Crompton potentiometer.
A General Electric company oscillograph was used to record
the instantaneous values of the corona current when alternating
potentials were applied to the tube. J^ll scale deflection of
the current element represents a current of 0.04 amperes.
A spectroscope was used to determine the degree of purity
of the hydrogen in the corona tube.
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CHAPTER III CORONA IN HYDROGEN
I PRELIMNARY STATEMENTS.
A. Reasons for Choosing Type of Apparatus Used . High poten-
tial direct current producing apparatus was installed because
of the fact that by its use only can the characteristics of the
corona discharges with the wire positive and with the wire neg-
ative be separately and independently studied. This high poten-
tial direct current equipment took the form of a plant of multi-
unit series connected 500-volt direct current generators because
at the time of installation (1913) no other high voltage direct
current generating device on the market offered as many advan-
tages and as few disadvantages as this equipment. A high poten-
tial alternating current generating system was also installed so
that the combination of the two effects (wire positive and wire
negative) could be studied. This equipment naturally took the
form of a transformer installation as shown in Fig. 4, this be-
ing the cheapest and most easily controlled of all types of al-
ternating current high voltage apparatus obtainable by us.
The usual two-concentric-cylinder type of corona apparatus
was chosen for several reasons: firstly, the corona phenomena
occuring when this type of apparatus is used lends itself to
mathematical analysis peculiarly well; second.ly, the construc-
tion, manipulation, operation and repair of the apparatus is
extremely simple; thirdly, the field distribution is S3rmmetri-
cal with respect to the wire and any irregularities in the wire
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are immediately recognizalDle in the discharge; and fourthly,
this type of apparatus has "been used ty other investigators and
the results of this investigation can he compared to those of
other investigations more easily and with a greater assurance
of the reliability of any conclusions reached than if some other
form of apparatus was chosen.
Metal bushings were inserted in the glass end-plates of the
tube and the wires rim through these and sealed in place. The
bushings eliminated all troubles due to end effects (compare
the data of tables V and VI as plotted in Figs, 15 and 16).
B. Method of Conducting Tests .
1. Preparation of Tube. The wire to be used in the work
was cleeined and polished with a commercial cleaning compound,
straightened, and put in its proper position in the tube. One
end was fastened to the bottle spring, the wire was stretched
and the remaining end sealed into the end-plate brass bushing
v/ith sealing wax. The tube was then made gas tight, placed in
communication with the air pump, exhausted and the degree of
vacuum noted (about 0.5 mm. in every case). If, after five hours
no change of pressure could be detected the tube was declared
gas-tight and connected to the hydrogen apparatus, purification
apparatus and the Geissler tube. The whole system was then ex-
hausted and filled with purified hydrogen three successive times
to remove all traces of residual air. The Geissler tube was then
removed and the gas spectrum observed with a spectrometer through
out a pressure range from atmospheric to the hard Z-ray stage.
If, at any pressure, lines belonging to spectriuns other than
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that of hydrogen v/ere ohserved the charge was discarded, the
corona tuhe refilled with neY/ hydrogen and retested for impur-
ities. Upon obtaining an absolutely pure charge of hydrogen in
the tube the hydrogen apparatus was removed and the corona ob-
servations begun.
2. Direct Current Tests. Voltage -current characteris-
tics were first obtained with the hydrogen at or near atmospher-
ic pressure. Voltages ranging from a voltage immediately below
the critical voltage to or near the spark-over voltage were used.
Current readings were first taken for constantly increasing volt-
ages until the maximum safe value obtainable was reached when
j|
readings were taken with decreasing voltages. Special attention ||
was given the determinations of the "starting" corona. voltages. Sj
i
These points were checked and rechecked until their values were ?j
known to be correctly determined. All light, heat, chemical and |
other noticeable phenomena were observed and recorded throughout |i
the work.
After completing the test at atmospheric pressure the pump
was reconnected to the tube and the pressure reduced, when anoth
and similar set of data was taken. After the completion of this
|
data the pressure was again reduced and other observations made.
|
I
In the earlier work the pressure steps used were 600 mm., 400 mm.
|
\200 mm., 100 mm., and 50 mm. respectively. With the later tests
however the following steps were used, - 750 mm., 625 mm., 500
mm«, 400 mm., 300 mm., 200 mm., 100 mm., and 50 mm., complete
sets of observations being conducted at all pressures.
All the above outlined tests were make with one size of wire
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in the tute and with one charge of hj^-drogen. After completing
these tests a wire with a different diameter was cleaned,
straightened and placed in the tuhe , the usual gas-tight test
made, another purified charge of hydrogen forced in and tested
for purity, and a similar set of corona observations conducted
for all gas pressures and voltages outlined above. This proce-
dure was repeated for all wires tested.
It was thought probable that the wire surfaces in the pre-
ceding tests were roughened to such an extent as to produce er-
ratic results, especially at the lower pressures. In order to
determine the effect of the roughening of the wire other tests
called "critical voltage tests" were conducted on several wires
|
end the results tabulated in tables XVII to XVIII. These data were
taken in order that a definite relation between size of v/ire
and critical electrical intensity might be arrived at. The pro-
cedure was in every respect similar to that outlined for the
preceding tests with the exception that voltages higher than
the critical voltage were not impressed across the tube. In all
cases observations were first made with the wire positive, and
then with the ?;ire negative, and at all outlined pressures. The
corona discharge was not allowed to remain on the wire for any
appreciable length of time so that no roughening took place.
3. Alternating Current Tests. The preparation of the
wires, the tube and the hydrogen was the same for these as for
the direct current discharge tests. The same pressures and volt-
ages were used, the only change being that alternating potentials
instead of direct potentials were used to produce the discharges.
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Observations of light, heat, chemical end, other phenomena were
conducted as "before.
Oscillographs were made of alternating corona discharges. The
current element of the oscillograph was connected directly in
series with the high voltage secondary and the voltage element
was connected across the primary as shovm in the connection dia-
gram of Fig. 4. The corona voltage and current and the resistance
in series with the tuhe were noted simultaneously with the time
at which the oscillograms were taken.
Comparison tests of the light phenomena for air and for hydro-
gen dielectrics &t various pressures v;ere made with the specially
constructed tube shov/n in Fig. 7. This tube has a slit along its
entire length so that a direct view of the wire can be obtained
and the character ejid position of the discharges accurately de-
termined. This tube was filled v;ith hydrogen in the same manner
as the other tube and pictures were taken of the discharges at
vr.rious pressures and voltages. The pressures, currents and volt-
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ages in the tube were noted at the times of taking the pictures.
The same tests were repeated with an air dielectric.
4. Oeneral Ststements. The wires used varied in diame-
ter from 0.12 mm. to S.£6 mm. The larger portion of the data was
taken with the wire in a "brass tube 4.45 cm. in disjneter but the
results were checked with a 7-cra. tube in order to determine the
effect of the size of the tube on the nature of the discharge
phenomena.
II DIRECT CURRENT CORONA.
A. Starting Point as a Fimction of :
1. Time after Break, and Suddenness of Make. The first
few investigations of corona made with a hydrogen dielectric
disclosed the fact that the starting voltages were erratic under
apparantly similar temperature, pressure and wire surface con-
ditions. Successive observations with a constant pressure, tem-
perature and size of wire gave extremely wide variations between
readings. All disturbing elements, except possibly a time ele-
ment seemed to be eliminated; so tests were made with several
sizes of wire, and at various gas pressures, to determine the
effect on the starting voltage of a variation in the length of
time elapsed between successive readings. Test No. 7 is a repre-
sentative test of this type. The method of procedure for taking
the readings for this test was as follows: close the circuit,
start corona. and increase the voltage to a value sufficient to
make the current reading 2. 472 •10"*'^ amperes. Open the circuit.
Call the time of opening the circuit zero time. One half minute

later close the circuit and determine the critical voltage value
as soon as possible. After this determination again bring the
current to S,47£»10*"'^ amperes, open the circuit and call this a
new zero of time. Make a critical voltage determination one min-
ute later. Continue the test in this manner until some definite
conclusion as to the variation of critical voltage with time can
be reached.
Experiments were also conducted to determine whether or not
the starting voltage was different for the two following cases;
first, when the voltage was gradually increased in value until
the critical value was reached; and second, when the full volt-
age was suddenly thrown across the tube. Test Ko. 7 covers this
investigation also.
IJo appreciable difference v/as foimd between the starting
voltages when the voltage was gradually increased and those
when it was suddenly impressed across the tube. This would in-
dicate that no corona transient resulted at the time of closing |
i
the switch. However, as indicated by Table I and the accompany-
ing Fig. 7 a large variation in the critical value was observed
for variations in the time between successive readings, the curve
approximeting a logarithmic form. The particular data shown rep-
|
resents the conditions for which the greatest variation of criti-
cal voltage with time after opening the circuit occured.
As a direct consequence of this test all determinations of
critical voltage were made after what was considered to be a
sufficient lapse of time after breaking the corona circuit to
give true readings.
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TABLE I
VARIATION OF STAHTILTG POINT WITH TIO AND SDDPENNESS OF
CLOSING CIRCUIT.
No. SO Copper T/ire 0.785 ram. Lia. 4.45 cm. Brass Tube. Wire +.
n
Barom. Volts . Amp. '10
3E5.1 5860. Voltage brought up slowly, critical value
5860. " " " suddenly, " "
Ionization Effect.
Time . Volts . Amp . * 10
t
5800. 2452
.
initial value.
0.0 switch opened.
0.5 5050. starting point.
1.0 5166. tl
1.5 5510. Tl
2.0 5590. TT
2.5 5460. IT
3.0 5500. Tf
5.5 5520. Tt
4.0 5545. n
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2. Pressure. The variations of the corona starting
voltage with pressure for the various sizes of wire studied are
shown in Fig, 8, The data for plotting the curves were ohtained
from Tahles II, III, IV, VI, VIII and XI. These curves show
that for a single size of wire an increase in the gas pressure
gives a corresponding increase in the voltage necessary to start I
the corona discharge.
In Pig. 9 are given curves showing the variation of critical \
I
voltage with gas pressure for air and hydrogen for two sizes of
|
wire. The curves for air are taken from Fejrwell*e paper (Trans.
A. I. B. E. Nov. 12, 1914, p 1710). The curves for air and hy-
drogen were taken with tubes of the same diameter and may there-
fore be justly compared. From a casual observation of these
curves it is apparent that the law of variation of critical
voltage with pressure is essentially the same in the two cases.
It is found that these curves can be fairly accurately represent-
ed by the following form of Peek's formula
E n Eq P + |/p~ where E = critical intensity.
p = pressure in per cent of atmospher-
ic .
Eq= constant,
c = constant.
Hence, for any given size of wire Peek's law is satisfied by
the corona discharge in hydrogen.
Re-examining the curves in Fig. 9 one finds tv/o marked dif-
ferences between the critical voltages for air and those for
hydrogen:
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(a) With the range of wires used in the hydrogen experimental
work the positive critical voltage for air is lower than the
negative critical voltage, while for hydrogen the negative cri-
tical voltage is the less.
I
(t) Por a constant pressure and size of wire the critical volt-
age in hydrogen is much lower than the critical voltage in air.
|
3. fiadius. The variation of the critical voltage with
|
the radius has "been found to follow Peek's law
b
E a a + - where E = critical intensity.
T =» radius of wire,
a & b = constants,
only approximately, and then only for wires whose radii fall
within the limits 0.1 mm. to 1.0 mm (Ko. 36 to No. 18 B. & S. i
gauge) and for gas pressures ranging from 100 mm. of mercury
|
to atmospheric pressure. Fox wires of larger diejneters than 1.0 i
I
mm. the ratio of the radii of the wire and the tube becomes com- |
paratively small and the discharge phenomena change their char-
j
s
acter until, with a Ho. 8 wire 3.23 mm. in diameter corona does
|
not form at any pressure. See Table 9 for the test on No. 8 wire.|
I
Fig. 10 shows graphically the law of variation of critical volt-
age with the size of wire. Harwell's results for an air dielec-
|
trie and the same size of tube as was used in these investiga-
tions, have also been reproduced for comparison purposes. It is
to be noted first, that the critical voltage for hydrogen is
very much less than that for air, and second, that for any par-
ticular size of wire and any given pressure the negative start-
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ing voltage is much less tlian the positive starting voltage,
while the opposite is true for air for the range of wires used
in the investigations.
B. Law of Variation of Critical and Glow Voltages. Combin-
ing Peek's laws for the variation of the critical voltage with
the pressure
E = EqP + C ^
and with the radius
b
E = a + -
we arrive at the complete statement (neglecting temperature
changes) for the critical electrical intensity
b
E = B.pd +
° \/rp
This law is similar to the one Peek has proposed for air dielec-
trics, differing from it only in the values of the constants.
We found, as i'arwell did for air, that this law represents the
starting voltage phenomena only very approximately, especially
for large wires and low gas pressures.
The critical and glow voltages have identical values for all
sizes of wire and all gas pressures studied so that one set of
constants serves to determine the values of both.
C. Characteristic Curves .
1. Characteristics with the Wire Positive. Characteris-
tic curves for positive corona in hydrogen are given for several
sizes of wire and for various gas pressures in Figs. 11 to 18
inclusive. The data for these curves are given in Tables I to
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IZ inclusive. These curves represent the general form of the
characteristics for all sizes of wire and all pressures covered
by these investigations. The following properties of the curves \
are to he noted: (a) the marked difference between the critical
voltage and the voltage at which corona ceases; and (b) the dif-
ferences between the points obtained with increasing current
and those obtained with decreasing current. This persistence of
corona at voltages less than those necessary to start the dis-
charge has not been observed with air and direct potentials. See
Bennett's paper. Trans. A.I.E.E., June 27.1913. p 1796, for a
discussion of the alternating current case. If there is any dif-
ference betv/een the starting potentials for wire positive and
for wire negative for the case of air its magnitude is certainly
much less than for hydrogen dielectrics.
The difference between the critical voltage and the voltage
at which corona is maintained may be explained by the change in
the electric intensity {volts per cm. ) at the surface of the
wire after the corona has been formed. This change of intensity
is caused by the space charge due to the positive and negative
ions in the space between the wire and the tube. That such a
distortion of the electric field exists is well known. The dif-
ference between the critical valtage and the voltage at which
the discharge ceases is not detected unless all sources of ir-
regular ionization such as rough spots on the wire, high inten-
sity where the wire passes through the glass, etc. are elimi-
nated.
Other properties of the characteristic curves are:
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(c) For a given voltage tiie current increases with a decrease
of dielectric density.
(d) For a given voltage the current increases with a decrease
in wire diameter.
(e) The characteristic is very nearly parallel to the current
axis so that a small change in potential produces a very great
change in current.
(f) Immediately upon reaching the copious ionization stage the
current rises to a high value. For wires as large as No. 8 the
current increases immediately to arcing values. As the size of
the wire is decreased the initial jump diminishes until with a
10. 5£ wire (0,200 mm. in disjneter) at atmospheric pressure the
-4
current rises to a value of the order of 10 amperes.
(g) With a single size of wire and varying pressures the initial
current rise diminishes with a decrease in pressure.
2. Characteristics with the Y/ire Negative. Corona char-
acteristic curves for the wire negative for various pressures \
and sizes of wire are given in Figs. 19 to 21 inclusive, Tahles
I
X to ZIII containing the corresponding data. The full line curve^
represent stable conditions and a constant numher of heads. The
number of beads on any particular curve can be determined by
noting the small number adjacent to the curve.
I'he characteristics for copper wire Uo. 20, 0.755 mm. in
diameter, are shown in Fig. 19. The curves are symmetrical and
have slopes very similar to those for the positive characteris-
tics. Each full line curve represents the conditions for a sin-
gle bead only.
II
i
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TABLE II
CHARACTEHISTIC CURVES FOR A NO. 14 COPPER WIRE 1.59 MM. DIA.
4«45 cm. Brass 1U.D6. nycLrogexi cnaige VK XX t« T
Barom, Volts. Barom. Volts. Amp. -10 :
706. 9980. • J. 605.8 9350.
10440. • 4 9430. *
\
10510. 1 • CO 9445.
10555. tilo • 9460. 2 ^ \
10555. c c r\C.OU . 9430.
10570. / Qr\4oU • 9400. X « OV-' .
10605. oyu
.
9560.
10665. J.^0£< • 9570. 1 720
10720. 9290. 1 Rl
10740. XO«5U . 9050. Q7n
10610. XooU . 8800.
10540. T /I c>n 8570. 'SI
10150. xu^o 8380. 1 RlXtJX .
10570. T '7QA 8170. 40-
10505. XDOU . 8090. X . V
10245. 8020. Q R
10060. one 7880. 3 fi
9850. 7880. 3 4R
9545. PA 7850. 00
9416. 1 p;t 9500. 3-65
9545. 9440. 1 38R
9220. O 1 . ^ 603.8 9390. T QAfiXi'OU.
j9100.
9030. T A QO 395.7 6995. • X
8980. 7040. 1-92
8950. R 7P 6995. 1780-
8910. D DO 6965. 1 960-
10425. . uo 6830, 1 720 -
10510. c• <0 6700. T '^7R
10560. • 6470. 760
10510. 6240. 340
10610. PARK 6060. T RO ftXww • U
10860. P AAD 5995. 1 Oft 1XwO . X
10720. o pno 5910. 60
10575. l04o • 5765. xu .
10190. IIUU . 5665. ft ?
10065. Q n o 5600. 4 PR
9950. £ c 5530. 1-90
9715. 320. 5530. 00
9570. 187. 6835. . X
9430. 123.5 6735. "^ftOCv?w .
9280. 53.2 6735. 7?R
9130. 25-4 /; »7 rz cO / OZ> . fi7R
9000. 10.6 6910. 1 ?70Xu ( V «
8965. 3.8 7095. 2090.
706. 8930. 0. 6610. 1070.
1I
TABLE II - Continued
Barom . Volts . Amp. '10" .
5960. 76.
5665. 10.82
5630. 8.55
5530. 5.70
5460. 4.20
395.7 5430. 0.00
.1
1510.
5710
.
2055
.
%y %J %J \J • 1615Xw Xw •
5370. 950.
685.
5070 500.
4868 70.5
4690. 17.8
4620 10.25
4510 5.20
4420. 1,90
4420. 0.00
5660. .4
5700. 9.5
5640. 1295.
5730. 2220.
5600. 1800.
5335. 1080,
5180. 514.
4970. 142.
4740. 24.
4690. 16,15
4560. 8.92
4480. 5.15
4420. 0.00



TABLE III
746.
746.
641.8
641.8
54E.8
ERISTIC CUHVES FOR A UO. 14 COPPER WIRE 1.59
> cm. Brass Tute. Hydrogen Charge No. 10. Wire +.
Volts. Amp. -10 Barom. Volts
.
Amp. 'lO'
10990. .2 7900. 572.
11050. .4 7820. 2000.
1108Q. 1.0 8090. 4400.
11115. 1.4 7800. 3800.
11175. 7525. 2700.
9550. 1800. 7380. 1635.
9450. 1510. 7090. 1030.
9190. 1065. 6705- 340.
8810. 480. 6500- 137.
8625. 287. 6245. 55.2
8510. 216. 6110.\J miL W • 26.9
8330. 114. 6030. 14.55
8140. 32.2 5960. 4.80
8050. 23.25 5860. 2.60
7990. 14.90 5830. 1.75
7880. 7.60 5800. 1.00
7800. 4.20 5770. • 20
7720. 1.55 7900.
7690. .10 8230.
11175. 542.8 8750.
10710. 6680.
441.7 7300.
9885. .1 6950. 2145.
9970. .2 6755. 1600.
10020. 1.4 6392. 970.
10020. 5965. 400.
9640. 7050. 5690. 160.
9010. 4300. 5670. 129.
8760. 3478. 5610. 93.
8420. 2125. 5500, 57.
8240. 1580. 5330. 36.
7985. 875. 5240. 15.6
7820. 535. 5170. 5.7
7490. 189. 5000. 1.4
7290. 80. 4940. • 1
7060. 30.5 441-7 7350.
6900. 5.5
6735. 2.1 332.4 6255. .1
6700. 1.0 6320.
6670. .6 6140. 4010.
6640. 0.00 6450. 6100.
10020. 6070. 4400.
5570. 2415.
7490. .2 5400. 1960.
7525. 57. 5120. 1080.
7785. 118. 4710. 305.

TABLE III Continued.
Barom . Yolts . Amp. «1Q"^ .
4610. 19E.6
4510. 89.3
4330. 18.7
4270. 9.5
4170. 5.5
4020. 1.8
3975. .1
5320.
332.4 6210,
TABLE IV
CHAHACTEHISTIC CURVES FOR A HO. 16 COPPER WISE 1.285 MM. DIA.
4.45 em. Brass Tute. Hydrogen Charge Ho, 12. T7ire +.
Barom. Volts
.
Amp . • 10 '
.
Barom. Yolts. Amp . • 10
728.5 10180. .3 6195. 0,00
10475. 1 . 55 n /A8700
.
.7
lOoiu. 912U • 1.1
luolU o<i / . 1 yoiJ .
10570. 4800.
9955. 3372. 529.9 8355.
9360. 2720. 8160. 4400.
8600. 820. 8650. 6660.
8120. 223.5 7940. 4000.
7880. 66.5 7520. 2780.
7720. 25.5 7140. 1760.
7590. 8.55 6465. 475.
7490. 2.85 6150. 167.
7490. .156 5840. 51,
10440. .6 5610. 17.8
728.5 10475. 5280. 5.5
6145. .1
627.1 7740. .18 529.9 8375.
9100. 1.00
9310. 423.3 7120.
8915. 3566. 6950. 4300.
9610. 6300. 7400. 6670.
8860. 3800. 6825. 4000.
8156. 1960. 6395. 2780.
7490. 605. 5570. 650.
7030. 142. 5040. 106.3
7010. 133. 4750. 27.1
6736. 42. 4300. 7.0
6590. 17.4 4247. 4.6
6470. 7.8 4135. 0.0

£10
£>0
•J>0
4K)
,2»0
Pig. 12.
Pressure in &6n. of Hg.
Curve
33E.4 mm.
(D 441.7 mm. ^
<D 542.8 mm*
641,8 mm.
d) 746.0 nun. jl
0i ®
I
;
LiO
,.'l;L
9>0
60
IK)
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Test #2
Copper Wire #14
1.59 mm. Pia.
4.45 cm. Brass !Z^a'be^
Hydrogen Charge #10
Wire 4-
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lit
if
_H±EEB
I' i
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i)0
Note: The wire is
the same as in
test #1
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Fig. 13.
Pressure in mm of H&i
Curve
§323-4 mm,
529.9 mm.
(S) 627.1 mm.
(S) 728.6 mm.
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00
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TABLE IV Concluded
55
Barom. Volts. AmiD.»10
3E3.4
SE2.4
5840.
5720.
60S0.
5310.
4885.
4390.
4180.
2845.
3560.
3420.
5680.
4100.
5400.
E600.
1350.
344.5
112.
24.7
8.
.1
TABLE V
CHAMCTERISi'IC CUHV3S FOx^ A 110. 16 OOPPEH WIRE 1.285 Mvl. DIA.
4.45 cm. Brass lube. Hydrogen Cnarge £fo. 11. Wire +.
639.5
Volts.
17
Amp. "lO"; Barom. Volts. Amp. "lO"
5925. .24 10240. 1370.
7980. .76 10560. 1830.
10440. 1.76 10290. 1420.
10830. 1.90 10000. 910.
10990. 950. 9550. 380.
11555. 1650. 9310. 223.5
11420. 1810. 9130. 116.
11225. 1560. 8900. 34.
10940. 1170. 8760. 12.35
10145. 335. 8700. 5.90
9920. 123.5 8550.
9790. 85.5 639.5 10050
9640. 33.0
524.5 8330. .49560. 15.1
9545. 10,1 8730. 1.5
9460. 5.7 8760.
1010.9420. .64 8730.
8780. .54 8900. 1385.
11050. 2.0 9120. 1870.
11085. 8900. 1525.
11020. 1200. 8580. 893.
8330. 552.
8190. .4 8030. 245.
9390. .64 7880. 102.5
10020. 7720. 23.1
9930. 910. 7650. 10.8
7490. .3
524.5 8730.
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I
oH
U
Plff. 14.
Preseiire in nun. of Hg.
Curve
(X) 5£4.5 mm.
(D 659.5 mm.
(S) 758.7 mm.
Test #3
Cofyer Wire #16
1,285 mm. Pia.
4.45 cm. Brass Tube
Hydrogen Cliarge #11
Wire +
Note: These curves were
taken using impure hydrogen
for comparison purposes.
Compare with Test i^4.
6
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12 14
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TABLE VI
CHARACTERISTIC CURVES J'OR A NO. 20 WIRE 0.755 LM. DIA.
4.45 cm. Brass Tu"be. Hydrogen Charge Ho. 17. Wire +
Barom. Volts . Amp. *1Q
-7 -7
Barom. Volts . Amp . * 10
746.
746.
634.
634.
528.
538.
435. £
435.2
8140.
8260.
8690.
8040.
7690.
7455.
7210.
7070.
6970.
6870.
7360.
7480.
7220.
6660.
6450.
6165.
5930.
5765.
5682.
7415.
6643.
6620.
6875.
6585.
6070.
5660.
5440.
5230.
5150.
5080.
5045.
5710.
5705.
6050.
5375.
5040.
4760.
4620.
4530.
4495.
4455.
4410.
853.
1045.
2110.
820.
335.5
110.
24.16
15.6
11.4
1.9
1760.
1292.
495.
299.
125.5
45.
12.
2.5
1438.
1960.
1490.
656.
192.5
112.
20.
9.5
1.9
.2
1045.
1908.
665.
232.5
65.
30.
15.1
8.55
1.35
0.00
322.6
322.6
207.7
207,7
102.4
102.4
44.
44.
4583.
4595.
4870.
4520.
4212.
4010.
3810.
3690.
3625.
3612.
3474.
3682.
4027.
3790.
3470.
3240.
3070.
2935.
2870.
2830.
2358.
2345.
2600.
2500.
2345.
2235.
2087.
2040.
1980.
1972.
1475.
1465.
1510.
1680.
1872.
1655.
1530.
1446.
1401.
1375.
1082.
1832.
950.
380.
150.8
44.8
15.08
3.06
0.00
635.
1490.
3130.
1831.
761.
241.6
78.
23.8
8.
0.00
525 .
2200.
1490.
542.
196.
59.
36.5
10.45
0.00
151.
725.
2868.
5720.
2451.
999.
249.
44.
0.00


.31 .B-fl
flan 0,8.
TABLE VII
CHAHACTERISTIC CURVES FOR A m. EO COPPER WIRE 0,785 MM. DIA,
4.45 cm. Brass Tube. Hydrogen Charge Uo. 13. Wire +.
756.
766.
542.6
Volts
.
Am"D. "10"
'
7070. .8
7090.
7050. 4800-
7350.www # 6121.
7900. 10320.
7515. 7400.
7030. 4950.
6510. 2900.
6040.\J \m/ • 1715
.
5425. 550-
5630. 721.
5150- 274.5
4990. 151.7
4910. 87.1
4800. 27.63
47£0. 9,9
4680. 4.5
4640. 2,1
4630. 1,36
6300.
6265. 2600,
6955. 5720.
7650. 9700.
5635. 1140.
5120. 271.
4920. 131.
4660. 48.
4635- .17
5965.
6330.
6300. 5950.
5640. 2970,
ROT "5 1232.
295.5
4350- 147.
4150. 25.5
4130. 15.08
4100. 12.35
4070. 12.35
3975. 3.01
3955. .135
5350.
5310. 4400.
5455. 4950.
Barom . Volts . Amp . * 10 -7
4960. 2710,
4660. 1688.
4880. 1688.
4495. 855.
4030. 187.
3780. 24.18
3725. 11.4
3670. 6.3
542.6 3620. ,14
435.4 4610.
4530. 4050,
4945. 6300.
4475. 3600.
4040. 1870.
3863. 1250.
3585. 535.
3405. 220.
3205. 57.
3130. 13.3
3110. 8.73
3080. 6.7
3030. 1.75
435.4 3030. ,14
325.1 3860.
2960. 361,
3320. 1721.
3470. 2635.
4100. 7050,
3450. 2490.
3100. 1045.
2860. 288.
2690. 66.5
2600. 8.75
2570. 4.95
2530. 0.00
3860.
325.1 3725. 3610.

10 12 14
•VI .311
.ST-.-
3 % ^aef
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TABLE VIII
CHAHACTERISTIC CURVES FOR A NO. 32 COPPER WIRE 0,200 MM. DIA.
4.45 cm. Brass Tube. Hydrogen Charge No. 18. Wire +.
Barom. Volts. Amp. 'lO"*^.
_7
Barom . Volts . Amp. '10
745.5
745.5
644.5
644.5
528.4
4840.
4800.
6108.
5395.
5190.
4860.
4660.
4270.
3905.
3660.
3576.
3555.
3545.
3525.
3500.
3490.
3456.
4835.
4465.
4430.
4780.
4965.
4620.
4265.
3964.
3700.
3580.
3430.
3340.
3330.
3240.
2196.
3175.
4430.
3883.
3940.
4440.
4028.
3670.
3323.
3205.
3030.
3862.
3175.
1063.
1480.
2028.
1690.
1217.
950.
532.
172.5
51.3
17.97
11.6
9.11
5.16
2.87
£.30
0.00
1255.
1723.
1940.
1405.
913.
533.
205.
112.
44.
11.9
10.6
3.4
1.45
0.00
880.
1830.
1140.
570.
190.5
99.
20.18
68.2
528.4
419.
419.
308.
308.
207.5
3065.
3030.
2963.
386E.
3430.
3442.
3910.
3980.
3712.
3330.
3080.
2975.
2960.
2764.
2700.
2680.
2650.
2630.
2668.
3340.
2810.
2792.
3130.
3500.
3360.
3140.
2905.
2692.
2730.
2560.
2482.
2470.
2450.
2432.
2800.
2310.
2298.
2500.
2723.
2880.
2782.
2570.
2382.
17.6
9.9
0.0
852.
1738.
1898.
1340.
695.
370.
205.3
186.8
42.
9.5
4.38
1.72
0.00
3.8
307.5
950.
1888.
1508.
1000.
480.
169.
156.
57.
13.3
9.9
4.2
0.00
241.8
760.
1470.
1980.
1600.
1045.
512.

TfH
mi
ft
Pig. 18.
Pressure In Itm, of Hg.
Curve ,
ram.
(B) 308.0 mm.
(D 419.0 mm.
(D 628.4 ram.
644.5 mm. .u__
(D 745.5 mm. I
"4-
::+-id-
^9
i±^_ 1 a:
t~ - iTrr
5
±;:
a-
±:±t
Test #10
opper Wire #32
0.200 mm. Dia.
i
Si
SB
EM
I:
3:;± m
4.45 era. Brass Ttib^EiS
'SSg. Wire
is
Ki Love
.81 .31*5
iv
ABB 3>8^V
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Barom. Volts . Amp . * 10
TABLE YIII Concluded.
-7 Barom . Volts . Amp . * 10-7
£367.
EE80.
£115.
478.
£60.
8£.
£07.5
1985.
1765.
££88.
1775.
££.7
Immediately
after 8 min
Immediately
TABLE IZ
CHARACTERISTICS FOR A KO. 8 COPPER WIRE 3. £3 MM. IN DIAMETER.
4.45 Cm. Brass TuIdo. Hydrogen Charge No. 14. Wire +.
-7
Barom. Volts . Amp.'lQ .
751.7 11600. (^^^ arc forms. No corona. Current becomes
735.3 11450. " equal to zero immediately
531.
4£4.
311.8
634. 10£50.
9000.
7690.
6£00.
upon extinguishing the arc^
,
Y'lhen the circuit is broken
the arc^^tops. If, before opening the circuit the
voltage has been lowered to the point at which
the arc just maintains itself, the arc does not
form upon again closing the circuit. But at times
a small bead will form where the arc was upon re-
closing the switch under the above conditions of
voltage.

65
TABLE X
CHAR.A.CTERISTIC CUHVES FOR NO. 20 COPPEH WIRE 0.755 I>M. DIA.
4.45 Cm. Brass Tube. Hydrogen Charge No. 17, Wire -.
Earom . Volts . Amp . * 10
760. 7590.
6400. 363. 1
760. 6195. 590. 1
746. 7360.
746. 6195. 343. 1
654. 6705.
5165. 381. 1
634. 5128. 189. 1
538. 6010.
4655. 321.8 1
4495. 238. 1
4130. 131. 1
538. 3925. 83.8 1
435.2 5170.
4070. 281.5 1
4110. 341. 1
3820. 189. 1
3680. 138.5 1
435.2 3490. 83.5 1
322.6 4260.
13245. 238.
3320. 263.5 1
3105. 165. 1
2980. 110. 1
322.6 ' 47.6 1
207.7
-5
Beads . Barom . Volts . Amp.* 10
102.4 2137.
102.4
44.
207.7
3350.
2570. 205.5 1
2710. 501. 1
2563. 194. 1
2416. 112. 1
2356. 84.
- 1
47.5 1
Beads
.
1656. 106.2 1
1735. 149. 1
1610. 76.2 1
53.4 1
1330.
1502.
928. 121.5 1
852. 183. 1
734. 321.5 1
795. 221.7 1
824. 178. 1
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TABLE XI
CHABACTERISTIC CURVES FOR NO. 32 COPPER WIRE .200 mi. IN DIA.
4.45 Cm. Brass Tute. Hydrogen Charge Ko. 18. 7/ire -.
-5 R
Earom . Volts . Amp. *10 . Beads . Barom. Volts . Amp. *10"^ . Beads .
745.6
745.5
644.5
3830.
3225. 152.5 2
3370. 278. 3
3595. 683. 5
3640. 827. 6
3700. 1525. 8
3755. 1980. 11
3940. 1690. oO
3770. 1330,
3620. 1302. 10
3768
.
147U. lU
1311. Q7
3605. 1093, 9
3565. 695. 6
04<5U . OOO . ft
3448 ft
o4<i8 O Q R "X <>
3465. 1 /y . 9&
o4oo. Od Q'^Ol . o O
3535. O '2 QCOO . 9
3215. <:;UO . O o
3245. 136 • o
3440. 96. X
3310. 74. 1
3852.
3320.
2965. 88. 1
3110. 120. 1
2995. 167. o
3200. 276.2 o
3225. 342. 4
3235. 475.
3360. 856. 7
3340. lloU.
3443. 1310. 10
3485. 1870. 11
3640. 2051. 11
3520. 1690. 9
3520. 1600. 12
3555. 1560. 11
3430. 1062. 8
3370. 856. 7
3300. 742. 7
3340. 513. 5
3080. 223.5 4
3282. 430. 4
644.5
528.4
528.4
419.
3060.
3205.
3105.
3187.
2985.
2962.
3165.
2950.
2982.
3205.
3030.
3525.
3110.
3215.
3080.
3130.
3080.
3006.
3050.
2980.
3010.
3010.
2850.
2935.
2908.
2964.
3006.
2840.
2955.
3006.
3040.
2850.
2830.
2790.
2700.
2890.
2935.
2740.
2880.
2925.
2770.
2705.
2850.
2503.
2608.
350. 5
190.5 2
220.
151.
106.3
95. Z
90. 1
53.2 1
50. 1
96. 1
63.8 1
930. 7
1285-
1368. 9
1100. 8
1198. 9
740. 7
725. 6
770. 7
460. 6
380. 4
380. 4
342.
685. 6
448. 6
505. 5
570. 5
610. 5
390. 5
304. 4
205. 3
161.3 3
174. 2
187. 2
110. 2
89.2 1
99.5 1
62. 1
46. 1
70.3 1
95. 1
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TABLE ZI Continued
69
Barom. Volts , Amp, *1Q" « Beads .
2570. 173. 2
£637. £23.2 2
E5£0. 238. 3
2740. 1455, 13
2790. 2000. 14
E820. 1832. 13
E790. 1490. 11
2670. 1140. 11
2740. 1100. 8
2708. 1160. 10
2740. 1140. 9
2537. 770. 10
2658. 695. 6
2633. 705. 7
2629. 800. 8
2590. 690. 8
2690. 590. 5
2750. 820. 6
2538. 368. 5
2662. 39£. 4
2488. 223,5 4
2518. 198. 3
2648. 281.6 3
2690. 346. 3
£600. 238. 2
2560, 161,5 2
£640. 190,5 2
£460. 163. 3
£456. 98. 2
2640. 95. 1
£580. 73.3 1
2485. 54.2 1
2412. 42. 1
36.
2840.
2600.www •
2578.
2485.
2435.
2425.
112410. 2235.
2408, 2160. 11
2315. 1072. 8
2236. 1069. 10
2435. 1540. 9
2425. 1580. 9
2305. 1235. 11
£355. 970. 7
£357. 1282. 9
Barom . Volts . Amp.* 10" . Beads .
2360
.
M Ww • 1£35. 9
2370. 1330. 10
2360. 1217
,
10
2360. 960. 7
2460. 1436. 8
2335. 1008, 8
2310. 800, 7
2200. 560, 7
21 60
.
476
.
7
410. 4
P'RAPS
«J O V-/ • 4
610 4
665 6
2175. 420. 6
2325. 588. 5
2175
.
350. 5
2568. 700. 5
2325. 760. 6
2000. 221. 6
2150. 243.2 4
2055. 176. 4
2165. 139. £
2245. 183. 2
2255. 283. 3
2120. 169. 3
2082. 149. 3
2355. 400. 3
2043. 40. i.
2200. 78.3 1
218£. 152.7 E
2065
.
WV \J %J % 85.5 2
1991. 72.3 £
2250 101.5 1
2000. 111. 3
2440.
60. 1
1 830
.
112. 1
170.5 2
J. Vj UV • 250. 2
1880. 268. 2
1830. 330.
1870. 391. 3
1940. 663. 4
1900. 780. 5
1940. 865. 5
196£. 1008. 5
1910. 996. 6
1933. 1120. 6

TABLE ZI Concluded
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Barom. Volts . Amp. *1Q"° . Beads .
196E. 1272. 6
2015. 1452. 6
2050. 1760. 8
1962. 2000. y
1870. 1100. 9
1806. 800. 9
1678. 362.
oO
1670. 117.
1650. 49.7 1
1750. 0.0
1970.
1962.
1385.
lEEO. 57. 1
1240. 95. 1
1246. 172. 1
1209. 286. 1
1140. 344. 1
957. 495. 1
840. 665. 1
740. 990. 1
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TA'RTj'FI ttt
CUHVES FOH NO. 36 COPPER WISE 0.121 Mil. IH DIA.
4,45 Cm, Brass Tube. HycLrogen Cliarge . <0 • Wire — •
Barom. Volts.
•-5
Amp.* 10 1 1 ^m. J3 ^va I J ^\ VV\i5e&CLS. j^arom. vox uS
•
Amp . • xu ^. Beads.
737.9 2670. xoou . 1 A7 PXO ( . Cp 6
2680. 26.3 JL T ft70JLO 1 V . 1 ^9 2Xu V . <w 6
2630. 95. 5
2602. 91.3 p 1 RAf>XO%<J . 1 ?9-X<^' V • 6
1
2620. 120. o 1 900 3
2580. 110. o 1 792 85-7 3
2590. 176. 1 760- 65.2 3
2660. 226.2 o X 1 . 57-2 2
2690. 254. a 1890. 70. 2
2722. 231. c£} 1 890Xv^ . 68-4 2
2713. 213. c 1 91 49-7 1
2580. 163. cO 1 RAD •^9 1
2570. 151.5 eO X 1 . ?7 1
2590. 134.5 ft 1 7 AOX 1 <^^^ . PI<wX . 1
2535. 112. 1 ttO?XOw^ «
2570. 102.5 IT
2558. 70. <^ JL7 < . O XOftU .
2530. 38. oA 1 '5^A''iXO^t«3 . AA many
2580. 44. 1 XOffcO . 7A small
2500. 36.2 L XO f <^ . 1 ^A flifeker-
2450. 30.5 1 XCPOv/ . ing
2520. 27.4 ± XCUw* . 2.88 beads
2585. 28.2 J. Xi/ ^ <~> . all along
2520. 24.5 X 4-77 the wire.
2460. 26.3 nJ. 18-94Xw . 1
2630. 0.0 XODO . PA 1
2650. 0.0 X«> Cm. 34.3 1+
2670. RO 1+
2560. 36.9 TX Xi/ 1 w . 70 - 2+
2480. 28.2 TX 1 AO? 1 ?7-Xu { « 3+
737.9 2450. 24.5 nX 1 AT n 1 fig 4+
1 AO? XVJc/ . 3+
394.2 1870. 1 AOSX^vw . 167- 4
1792. 23. 1 1 AO 2 169- 3+
1770. 19. X 1 402 189-2 3+
1880. 1.05 smaxx 1 A29 21 9 -mX V • 4+
1770. 26.3 1 1 AAfi 231- 4+
1890. 38. x+smaxx 1 A29 - 246-2 4+
1870. 57. o X^t«J 1 . cxu . 5+
1880. 85.5 1 Ar57 369- 6+
1900. 117. 4 1462. 420. 7
1910. 133. 4 1228. 665. 1
1890. 169. o 1 ?AA A7fl 1
1920. 180. 6 1310. 323. 1
1975. 266. 7 1320. 288. 1
1953. 226.2 7 1418. 230. 2
1910. 191. 6 1418. 184. 2
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TABLE ZII Continued.
Barom. Volts. Amp.* 10"^. Beads. Barom. Volts. Amp. •10"^. Beads
•
1410. 167. 2 58. 822. 0.0 small
1410. 127.2 2 827. .135 unstable
1402. 108.2 2 831. .265 beads
1385. 89.5 2 836. .38 on
1348. 63. 2 840. .665 wire
1410. 68.5 1 850. 1.14 as
1343. 38.2 2 860. 2.262 in
1320. 25. 2 870. 3.6 other
1372. 0.0 900. 9.14 cases.
1402. 3.8 700. 127. 1
1410. 2.5 675. 133. 1
1402. .95 many 662. 180. 1
1398. .57 small 535, 206, 1
1389. .38 flickering 535. 217. 1
1385. .23 "beads 621. 276, 1
1372. .19 all 610. 230, 1
1364. .19 along 610. 189. 1
1358. .095 tlie 675. 123,2 1
197.6 1353. 0.0 wire. 675. 114. 1
0.0
900. 1.9 again
101.4 1002. 906. 1.14 many
1008. .38 here 895. .665 small
1015. .57 many 882. .38 unstable
1025. 1.893 small 870. .286 beads
1035. 1.425 flickering 860. .17 all
1045. 2.445 beads 840. .076 along
1065. 3.44 occur all 830. .038 the
1077. 5.15 along 820. 0.0 wire.
1097. 7.6 the
1102. 9.5 wire.
1088. 18.93 1
1055. 27.25 1
1045. 40. 1
938. 104.2 1
861. 116. 1
765. 170.7 1
755. 202.7 1
745. 202.7 1
720. 226 . 3 1
685. 440. 1
745. 212. 1
990. 79. 1
1110. 2.86 here
1090. .95 again
1078. .95. many
1057. .57 small
1050. .44 flickering
1045. .286 beads
1035. .095 occur all
1030. .057 along
1025. 0.0 the
101.4 1045. .305 wire.
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TABLE XIII
CHARACTERISTICS FOR A UO. 8 COPPER WIRE 3. 23 MM. IN DIAMETER.
4.45 Cm. Brass Tube. Hydrogen Charge No. 14. 7/ire - •
Barom . Volts . Beads .
735.3 9280. 1 Arc is in form of "brilliant "blue fan bead.
Upon decreasing tlie voltage the
"blue fan (star) diminishes in
size until it hecomes one lohed.
It travels along and around the
wire continually.
634. 6470. 1 Blue fan head.
531. 6838. 1 Single lobed bead.
424. 6130. 1 Many lobed bead forms,
spins aroujid the wire.
311.8 5245.
4600.
3640.
1
1
Corona
starting Negative
voltages.
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Characteristics for a No. 3E wire 0.200 mm. in diameter are
given in Fig. 20. Here the numher of beads on the wire varies
from one to twelve or more as the current is increased from a
-2
small value to a value of the order of 2*10 amperes. Again
all the individual curves have a characteristic Slope upwards
and to the right until a pressure of 100 mm. or less is reached
(assuming the pressure to "be a decreasing function). Character-
istics for a No. 36 wire 0.121 mm. in diameter are shown in Fig.
El. For the larger pressures the slopes of the curves are posi-
tive while for the smaller pressures the slopes become negative.
A comparison of the characteristic curves in Figs. 19 to 21
brings out the following points:
(a) For the larger sizes of wires - larger than Ho. 22 B. & S.
gauge - the curves for constant numbers of beads have positive
slopes at all pressures above 100 mm.
(b) For a given wire and gas pressure the curves become more
nearly parallel to the current axis as the current increases
in value.
(c) For a given number of beads and a constant pressure the
maximum possible voltage variation is approximately a constant,
whatever the number of beads.
(d) With a constant radius sud a decreasing pressure the curves
revolve in a counter clock-wise direction about their lower
points until their slopes change from positive to negative values
The discharges become unstable at the point of infinite slope
and resemble the arc discharge in so far as this
property is
concerned. The visual characteristics of the discharges and
of
the arc are entirely dis-similar however.
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(e) With a constant pressure and a decreasing radius the cri-
tical electrical intensity decreases, and the slopes of the
curves approach negative values.
(f) In all cases, as the voltage is gradually increased through
the critical value the teads form one by one, the current values
at any time "being approximately proportional to the number of
beads. The initial current values never become excessive as with
the positive corona discharges.
(g) For a given voltage the current increases with a decrease
of gas density; also for a decrease of wire radius.
(h) The greater the number of beads on the wire the greater
the current change per unit change of potential.
(i) Por all but the smallest wire studied the first corona dis-
charge takes the form of beads. For this wire however the first
discharge at pressures below 200 mm, of mercury took the form of
a flickering unstable glow traveling along the wire. This con-
densed to small, flickering, and unstable beads upon a slight
potential increase. The flickering beads persisted until currents
of the order of 10"^ amperes were obtained when they condensed
to the ordinary bead discharge. The curves obtained with the
flickering beads are shown in Fig. 21. This type of discharge
will maintain larger and larger currents as the pressure is re-
duced. For a Uo. 36 wire and for pressures between 50 and 200
mm. the maximum possible variation of the potential before form-
ing a bead is approximately a constant.
3. General Statements. A few statements comparing the
positive and negative discharges may be made at this point:
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(a) Of the two types of discharge the negative has the steeper
characteristic. That is, its characteristics are more nearly-
parallel to the current axis, so that a unit increase of voltage
causes a greater increase in the current than is the case with
the positive discharge.
(b) The critical electrical intensity is less for negative than
for positive corona.
(c) In all cases the critical and glow voltages have equivalent
values.
(d) ^'or similar voltage and pressure conditions the current for
positive polarity of the wire is always smaller than that for
negative polarity. The ratio of the two currents varies from 100
to 1, to 1000 to 1, depending upon the pressure conditions and
the wire diameter. In general the smaller the wire and the lower
the pressure the greater will he the difference "between the pos-
itive and negative current values.
D, Comparison with Air Characteristic Curves . Figs. 9 and
10 have "been plotted to show the similarity between the dis-
charges through hydrogen and through air with respect to the
critical voltages. These two figures show conclusively that the
same general law for the corona starting voltage holds for both
dielectrics. The curves of Fig. 2E show some of the differences
between the two corona discharges. The data for these curves
were obtained with wires of approximately the same diameter and
are tabulated in Table XIV. The data for corona in air were ob-
tained from Harwell's paper. These curves show two important
differences between the air and hydrogen discharges j (a) with

TABLE XIV
COMPARISON TESTS FOR HYDROGEN AND AIR DIEIECTRICS.
HYDROGEN WIRE +.
Barom, Volts . Amp . * 10
737.9 3300.
3720.
4S30.
4490.
4990.
5240.
-4
0.0
.366
.78
1.03
1.52
1.86
AIR WIRE .
-4
Barom . Volts . Amp . ' 10
733.85 14000. 8.46
12000. 5.00
10000. 2.70
8000. 1.20
6500. .40
6000. .20
HYDROGEN WIRE - . AIR WIRE - .
Barom . Volts . Amp. '10""^ . Beads . Barom . Volts . Amp. '10
-4
737.9 2662. 0.0 733.85 14000. 9.75
2680. 2.63 1 12000. 5.73
2630. 9.50 2 10000. 3.10
2620. 12.00 3 8000. 1.30
2690. 17.60 5 6500. .40
2662. 22.62 5 6000. .12
2690. 25.40 5
HYDROGEN AIR
Wire # 36, 0.121 Mn. Dia. Wire # 36. 0.135 Mn. Dia.
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air as the dielectric the positive corona discharge starts at
a lower voltage than the negative, while with hydrogen as the
dielectric the negative discharge starts at the lower voltage;
Cb) the two discharges for air are similar in character while
those for hydrogen are entirely dis~similar.
It must be remembered that, although the characteristic
curves for the wire positive appear to be of the same character
for air and for hydrogen dielectrics, there is a decided differ-
ence, namely, that with hydrogen the corona is maintained at
voltages lower than those necessary to start it, while with air
the starting and stopping voltages are the seme. Another import-
ant difference between the characteristics for the two dielect-
rics is the difference in the slopes of the characteristics,
especially with increasing voltages. Farv^ell found the slope of
the lower portion of the air characteristic to be gradual, so
that small increases of voltage produced but small variations
in the current. However, with hydrogen small increments of volt-
age in the neighborhood of the critical value cause very large
increases in the current values. Farwell also found that for de-
creasing voltages the current corresponding to any particular
voltage took the same value as for the case of increasing volt-
ages. With hydrogen however the current corresponding to any
given voltage is greater for decreasing than for increasing
voltages. See Flgs» 11 to 19 inclusive for the details.
E. Ionization Pressure . At the instant of copious ioniza-
tion a sudden increase in gas pressure is observed, especially
for the ease of negative polarity of the wire. According to the
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ionization theory of corona formation this increase in gas pres-
sure is due to ionization entirely. The pressure increase at
the instant of copious ionization is negligible for the current
densities obtained with a positive wire. However, with the wire
negative the currents have much greater magnitudes and increases
in pressure as great as three centimeters (3 cm.) or more of
mercury have been observed with large wires and high pressures.
As the dielectric pressure is reduced the maximum safe value of
current is reduced also and the ionization pressure decreases.
Similarly, for constant pressures and decreasing radii the safe
maximum value of current decreases and consequently the maximum
possible ionization pressure decreases.
The increase in pressure at the point of copious ionization
is almost instantaneous. It is not a temperature phenomenon be-
cause upon removing the voltage from the tube the pressure im-
mediately drops back to the original value.
J. Mechanical Vibrations and Sound . Harwell and others
have repeatedly observed, throughout the corona stage, circular
mechanical vibrations of a wire loosely strung in a cylinder,
especially when the wire was slightly displaced from the tube
axis. A photograph of such a vibrating wire is reproduced at
(g) of Fig. 53. Farwell also found sounds were emitted by the
corona discharge for wires larger than Ho. 26 B. & S. gauge
(0.400 mm. in diameter).
In hydrogen but few slight vibrations of the wire were no-
ticeable at any time. This lack of mechanical vibration was
probably due to the spring arrangement used for keeping the wire
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taut. If apparatus conditions similar to tliose for which vihra-
tions were observed in air were reproduced for the case of hy-
drogen mechanical vibrations would undoubtedly occur. Ho sounds
eminating from the tube were heard during the direct current co-
rona investigations, but, because of the great noise of the gen-
erating plant it is imlikely that any sounds would have been
heard had they been produced in the tube. V/ith alternating po-
tentials impressed on the tube hov/ever sounds were emitted at
almost all pressures. A No. 26 wire was placed in the tube for
these sound tests.
G. Variable Factors Influencing the Corona Discharges . In
order to determine the effects of dielectric impurities on the
critical voltage and the corona voltage-current characteristic
a test was made on a No. 16 wire 1.285 mm, in diameter, first
with a pure hydrogen dielectric and then with a slightly polluted
dielectric. '2he spectrum of the polluted gas showed only hydrogen
and nitrogen to be present. Very few nitrogen bands were present
in the spectrum. These tests are tabulated in tables IV and V
and the results plotted in Figs. IS and 14. 'j?he noticeable ef-
fects of the impurities in the dielectric are as follows:
(a) 2:he corona starting voltage is increased by five per cent.
(b) The corona stopping voltage is increased by twenty-two per
cent
.
(c) The current corresponding to a given voltage is decreased
enormously,
(d) The initial current which flows immediately after copious
ionization takes place is reduced enormously.
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2. Effect of a Dielectric Change. Experiments were made
with a No. 14 wire 1.59 mm. in diameter to determine the effect
of a change of dielectric. First a complete test covering the
whole range of pressures was made with one charge of pure hydro-
|
gen, and then a new charge of "nydrogen was purified and a retest
|
li
made. [The same wire was used for hoth sets of tests. Tahulations
of the data taken are given in Tahles II and III and the results
plotted in Figs. 11 and 12.
Apparently the first charge of hydrogen used contained a
little impurity for the initial current (at the instant of co-
pious ionization) was limited to small values with the resultant
increase in the corona stopping voltage value expected. No other
appreciable ill effects are noticeable.
III. ALTEHIJATIUG CUHRENT COBONA. RECTIFICATION.
A, Reasons for Investigating Field . An investigation of the
alternating current corona field was taken up for several reasons:
firstly, the negative corona current corresponding to a given I
pressure, wire diameter and voltage was invariably 100 to 1000
times as large as the positive corona current under the same con-
ditions, and this fact alone suggested the possibility of recti-
fication; secondly, the critical voltage for the wire negative
was lower than that for the wire positive in every case studied
and one was led to believe that it might be possible to produce
large negative corona currents during one-half the cycle without
even starting the positive corona in the other half cycle. Thus
an absolute rectifier would be produced. And thirdly, when the
curves for hydrogen shown in Fig. 22 were plotted it
was immedi-

84
ately evident that for tMs pressure (atmospheric) and size of
wire (Uo. 36) the absolute rectifier could be produced for very
large current values - ie., the negative characteristic has
neither a positive nor a negative slope at this point and con-
sequently is stable but will not allow the voltage to reach the
critical value for the positive discharge.
]j"ig. 23.
Rectification then, was certain to be accomplished and pre-
parations for the performance of tests were made at once. The
circuit was set up as shown in Fig. 4.
As a test preliminary to the investigation of the alternating
current corona field for a hydrogen dielectric two oscillograms
were taken of corona in air as shown by Figs. E3 and E4. These
oscillograms show the positive and negative lobes of the current
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wave to have approximately the same characteristics. The corona
current starts at a voltage which is six or seven per cent in
excess of the voltage at which it stops. This agrees with the
results obtained by Bennett.
B. Rectification . Following up the question of rectifica-
tion the corona tube was filled with hydrogen and connected to
the alternating source of potential. A sensitive oscillograph
element was connected across the primaries of the transformers.
Pig. 24.
The oscillograms shown in Figs. 28 to 32 inclusive were taken
with the connections as shown in Fig. 4. Figs. 25 to 27 inclu-
sive were taken with the 400,000 ohm resistance removed from
the secondary. Figs. 25, 26 and 27 give the voltage and current
curves for a No. 32 wire at various dielectric pressures when
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Fig. 85.
^S3. J='^e^suy^ ~ J4- J", bolts
Fig. 26.
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an alternating voltage is impressed between the tube and the
wire. The curves having both positive and negative lobes are
the voltage curves. The non-symmetrical character of these
curves is due to the drop in the resistance in series with the
primary of the transformer. The curves lying mainly below the
axes represent the currents flowing between the wire and the
tube. The parts of these curves in the immediate vicinity of
the axes are of the same shape and order of magnitude as the
charging current of the condenser formed by the wire and cylin-
der. This was determined by an oscillogram shown in Fig. 29 and -
taken at a voltage slightly less than that necessary to form
corona.
The voltage at which negative corona starts as shown by
these oscillograms is approximately twice the voltage across
Fig. 27.
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Fig. 28.
Fig. 29

89
the tube at the instant the discharge ceases. The oscillograms
of Figs. 25, 26 and 27 prove the rectification of alternating
current "by corona in hydrogen to he perfect. It is of interest
to compare Pigs. 25 to 27 with those given by Bennett for air at
pressures of the order of one centimeter of mercury (Trans. A.
I.E.E. , June 27, 1913)
.
7^^, S >»"X. Fi'as.
I
Pig. 30.
The irregiaarities in the parts of the curves near the zero
line seem to be due to the capacity effect and are in no sense
characteristic of the corona discharge.
C, Commercial Requirements . If rectification of power by
means of corona in hydrogen is to be used commercially a large
portion of the transformer secondary voltage drop must be taken
up by the load supplied with direct current power. In order to
(I
!
Fig. 32.
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determine how efficient a rectifier the corona discharge would
"be investigations were made under what were thought to be more
severe conditions than any which would likely "be imposed upon
the rectifier in practice. A 400,000 ohm water resistance load
was placed in series with the tube and oscillograms 28 to 32
taken for various currents, pressures and voltages, and for two
sizes of wire, Kos. 20 and 32.
Fig, 28 shows good rectification with a Uo. 20 wire and a
gas pressure of 530 mm. although the corona current is small
as compared to the capacity current and this fact might lead
one to believe the rectification imperfect. In Fig. 29 a larger
current was used so that the capacity current, although still
prominant, does not over-balance the rectification. This curve
was taken with a Wo. 20 wire at 360 mm. pressure. The upper ex-
posure was made at a voltage below the critical value to show
the form and magnitude of the capacity current. Of course as
the voltage is increased to values large enough to produce co-
rona the capacity current also increases in magnitude. This
completely accounts for the large capacity current in the lower
exposure of this figure and that in Fig. 28.
Figs. 30 and 31 were taken to show the degree of rectifica-
tion obtainable for a No. 32 wire operating under the same load
conditions and at various gas pressures ranging from atmospher-
ic to 200 mm. (k>od rectification is observed at all pressures. |
D. Effect of Positive Arc . Fig. 32 is inserted to show
the effect of the red positive arc (see color phenomena for a
discussion of the arc) upon the corona current wave. The lower i
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exposure is the one here referred to. The arc oocured in the
first two lobes of the current wave hut not in the third. One
clearly sees that rectification ceases almost entirely upon the
introduction of the arc so that the rectifier must necessarily
be operated within the corona stage at all times. The results
of this investigation eliminate all possibility of producing
rectification in hydrogen by means of the arc unless by some
means the positive arc is prevented from forming and, by the
same or other means the negative arc is caused to form.
IV. APPEAHANCE OF COHONA. COLOR PHENOMEUA.
In general the visible characteristics of the corona dis-
charges in hydrogen are very similar - except for color - to
those in air. But upon critical and detailed examination many
marked differences are found. A detailed account of the color
phenomena as observed in hydrogen follows.
A. With a Continuous Series Circuit . Pigs. 33 sjid 34 are
arranged to show the physical characteristics of the various
forms of discharge through hydrogen dielectrics under all the
conditions studied. Pigs. 33 and 35 represent similar character-
istics for an air dielectric. The large discharges in (b) and
(c) of Pig. 34 are the negative beads characteristic for this
pressure and size of wire and are tending to expand to the arc.
At fd) the form of discharge intermediate between the character-
istic positive glow and the positive arc is shown, ff) shows the
characteristic positive brush discharge along the wire and three
negative beads, (h) shows the same for a reduced pressure, (g)
shows the completed arc discharge stage of which (d) is the pre-

fa) Hydrogen, Tire Pressure 778 mm. , Volts 5550, Amperes 15.2*10"^.
I
fb) Hydrogen, ?:ire -.Pressure 778 mm. , Volts 3721, Amperes 9.15»10''*^.
(c) Hydrogen, A. C, Pressure 778 rmn. , Volts 451C, Amperes 7.41'10"'^.
fd) hydrogen, ".7ire +, Pressure 436 mm., Volts 3840, Amperes 15.0*10"^.
fe) Hydrogen, TVire Pressure 436 mm. .Volts 2390 , A-nperes 18.0«10"^.
ff) Hydrogen, A. C, Pressure 436 ram., Volts 2710, Amperes 18.5*10"^.
(g) Air, 7ire +, Pressure 747 mm.. Volts 9110, Amperes
11.8«10-S.
(h) Air, Wire -, Pressure 747 nmi. , Volts 8850, Amperes
12.0«10'^.
fi) Air, A. C. , Pressure 747 mm.. Volts 8180, Amperes
6.65»10'^.
COmm IIJ A 4.45 CM. BRASS TUBE t-ITH A .200 LM. COPPER WIRE,
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liminary form. Note the incandescent "balls of light at hoth ends
of the arcs. It is clear that large potential gradients occur at
both the wire surface and the tube surface during the arc stage.
This is not the case with an air dielectric.
(a) Wire Positive. With the wire positive and sizes of |
wire less than 0.405 mm. in diameter (No. 26 B. & S.) the wire j
is surrounded by a thin luminous layer which is essentially un-
j
iform. This is shown at (a) and (d) of IPig. 33 and at (a), (d)
and (g) of Fig. 34. As the size of the wire is increased this
glow becomes more and more irregular. At first there are spots
somewhat brighter than others. J'or a wire as large as S.59 mm.
(No. 10) the discharge takes the form of a large number of
brushes similar to the point discharge in air. These brushes are
closely spaced along the length of the wire with a fairly uni-
form glow between them. It has been impossible to obtain a sat-
isfactory photograph of these brushes because of the inconstancy
of the line voltage, with the resulting variation in the number I
i
of brushes and their positions on the wire surface. The positive '
discharge is blue in color. If the potential is increased to a |
high value a brilliant red spark will pass between the wire and
the tube. This is followed by a pale blue arc having incandes-
cent blue spots at both ends. (The arcs of (g) Fig. 34 are illus-
trative of this).
(b) Wire Negative. The tipical form of discharge with
the wire' negative is also shown in Fig. 33 at (b) and (e) and
in Fig. 34 at (b), (e) and (h) . It is seen that for small wires
and large pressures the discharge on the wire consists of dis-

Pie:. 54.
fa) Wire +, Pressure 766.6 mm.. Volts 9490, Amperes SO.g'lO"*^
fb) Wire Pressure 766.6 mm.. Volts 5160, Amperes 4.7-10"^
1 m .1- \1
(c) A. C, Pressure 766.6 mm.. Volts 4810, Amperes 2.88*10
(d) Wire +, Pressure 591.0 mm.. Volts 7150, Amperes 23. 5*10
-5
fe) Wire Pressure 391.0 mm.. Volts 4585, Amperes 3.57»10
-3
(f) A. C, Pressure 391.0 ram.. Volts 3940, Ai:: '10
• T r>-5
fg) V/ire +, Pressure 234.5 mm.. Volts 4500, Amperes 21,3*10
(h) Wire Pressure 234.5 mm.. Volts 2025, Amperes 1.76«10~2
COROKA in HYDRO GEII
4.45 cm. Brass Tube, 0.812 mm. Copper Wire.
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tinct bright beads with well defined edges, while for large
wires and small pressures it changes to a more fuzzy discontin-
uous discharge. As the potential is continuously increased from
values below the critical point to values above the critical
point the first evidence of a breakdown of the gas around wires
of small radii is the appearance of an intermittent flickering
glow which changes almost immediately to a number of flickering,
unstable bright spots on the wire. For wires larger than No. 32
(0,200 mm. in diameter) the flickering glow does not form. The
beady discharge is, the first to form for these wires. In all
cases hov/ever, a voltage increase causes an increase in the num-
ber of spots, the corona current gradually increases (a time
element enters in the building up of the current) and finally
a stage is reached where the spots condense into one brilliant
bead. The formation of this bead is accompanied by an extremely
rapid increase of current and a correspondingly large and rapid
drop in the potential across the tube. See Fig. 2 for the cir-
cuit conditions which allow the large voltage decrease to take
place. A further increase in voltage causes more small braght
spots to form and also causes an increase in the brilliancy of
the bead. The newly formed spots condense into a second bead
upon a further increase in voltage and in this manner the num-
ber of beads and the current increase as the tube voltage is
increased.
If the generator voltage is now decreased the behavior of
the corona is somewhat different. Suppose that there are nine
beads on the wire. These beads will persist and become less and \

(a) Wire +. Pressure 427.0 ram.. Volts 6795, Amperes 6.60-10'
fb) wire Pressure 427.0 ram.. Volts 6350, Amperes 7.11»10'
fc) A. C. Pressure 427.0 mm., Volts 774t), Amperes 5.14«10"
fd) Wire +, Pressure 229.0 mm.. Volts 4680, Amperes 6.72»10'
(e) 7/ire Pressure £29.0 mm.. Volts 4265, Amperes 6.60*10
(f) A. C, Pressure 229.0 rain.. Volts 4860, Amperes 3.24-10
(g) Wire Pressure 87.0 irju. , Volts 2200, Amperes 6.70-10
fh) A. C, Pressure 87.0 mm.. Volts 2650, Amperes 7.25-10
COHOHA IN AIR
4.45 cm. Brass Tube, 0,812 mm. Copper Wire

98
TABLE XVI
CRITICAL VOLTAGE DETERLIINATIONS FOB A NO. 36 COPPER WIRE
Wire Diameter 0.113 Mn. Hydrogen Charge No. 19. Wire + .
Barom. Volts. Ho Are. Arc in Series.
748.
619.8
386E. very faint glow
3662. surrounds wire.
3790. Glow not uniform,
3755.
3460.
3476.
3510.
510. 3170.
32E6.
414.8 2880.
2930.
2930.
299.7 2430.
200.2 2012.
2050.
101.1 1440.
47.3 1130.
very faint uniform
glow. Llilk-blue.
Usual faint
glow. Spots
in glow at
the higher
voltages
.
Usual faint
glow.
one hr. later,
Tuhe filled with milk-blue
light.
Same milk-blue uniform light
throughout tube. Many small
spots over tube surface . Wire
has uniform glow a little more
brilliant than the vapor in
the gas.
Same milk-blue luminosity of gas (is
a little brighter than before). Very
faint spots over tube surface. Even
glow on wire.
Short arc : produces uniform ^low on
wire, uniform luminosity in gas, and
many small spots on tube.
Longer arc ; produces a less intense
glow on wire, less intense luminosity
in gas, and larger and brighter spots
on tube.
very faint lArc gives brighter uniform glow on
glow appears .wire , milk-blue (bluer than before)
Glow voltage glow in gas, and many spots on tube
eQuals criti-surface. Spots on tube and glow on
cal voltage. J7ire of same brilliancy and color.
Uniform Arc produces larger and more brilliant
milky glow on wire, scarcely any glow in gas,
glow. Ko and very distinct and well defined spots
spots on on the tube of the same color and bril-
tube (as liancy as the wire glow. The glow on the
usual), wire contracts and becomes more brilliant
as the spark length is decreased.
Usual milk-
blue glow
on wire.
Mlk-blue
glow.
Are has no effect until spark-over
voltage is approached when large
spots form on tubf. Arc produced.
A series arc tends to produce arcs in
the tube. A few large spots form on
the tube surface.
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TABLE ZVII
CRITICAL VOLTAGE DETEfilCLKATIONS FOB A NO. 36 COPPER WIRE
Wire Diameter 0,113 Mn. Hydrogen Charge Ko. 19. Wire - .
Barom. Volts .
748. 34E2.
3430.
3450.
619.8 3020.
510. 2650.
2735.
414,8 2425.
2425.
299.7 1965.
1972.
200.2 1570.
101.1 1180.
47.3 810.
No Arc .
Small unstable beads give way
to small evenly spaced beads
of pale milk-blue color. Very
small spots on tube.
Arc in Series .
Spotted glow on
wire. Tube not
lit up.
Starts as before. Becomes
small blue beads. Llilky
spots on surface of tube,
liililk-blue beads.
Same as usual with
spots on tube surface.
Spotted milk-blue
glow on wire. No
spots on tube. Gas
not luminous.
Same as before.
Small blue beads form and upon
increasing the voltage the beads
increase in number. The center
beads have a tendency to spread
out along the wire. The beads
are small.
Ivlilky glow
on wire,
having beads
in it.
Many small blue beads form after
the small unstable beads combine.
Upon increasing the voltage an same as
even incandescent glow forms along before.
one-half inch of the center of the
wire, itoy small beads remain on the
remainder of the wire. Spots occur
on the tube surface.
Small unstable beads followed by stable No
beads evenly spaced. These break up into effect,
one incandescent ring bead with a sudden
increase of current.
Small beads form and break up into one cylindrical
bead one-half inch long. Large spots on the tube.
Arc has no effect.
Small unstable beads form; then spherical fuzzy
beads; then these condense to one long cylindrical
bead; and finally one short incandescent cylindri-
cal bead is formed. Few spots occur on the tube.
The arc has no effect.
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less brilliant until they finally collapse into one or two beads,!
Thus it is seen that with increasing voltages the "beads appear !
one "by one until the maximum voltage is reached, when the num-
|
her of beads is also a maximum, but that, with decreasing volt- !
ages the beads remain on the wire at much lower voltages than I
those at which they were formed. In fact they persist until,
j
i
when a change takes place not only one but several beads dis- '
appear, so that the beads remaining again increase in brilliance
j
and a considerable lowering of the voltage is necessary to de-
stroy more beads. With a constant number of beads the current
t
increases with increases of voltage; the bead brilliancy in-
creases with an increase of current. With a change in the number
j
of beads the current value makes a sudden change. This change is
|
s
approximately proportional to the change in the number of beads.
|
With the wire negative there is no evidence of a uniform |
glow unless an arc is placed in series with the tube. This is 1
not true with an air dielectric as shown by fb), fe) and (g) of \
I
Fig. 35. Opposite each bead for practically all pressures and
j
all sizes of wire used in these investigations there are a num-
j
ber of bright spots on the tube. The number of spots varies from j
ten or twelve for small sizes of wire and small pressures to
|
many hundred for large wires and large pressures as indicated by ;
Tables XVII and XIZ.
For a given wire and a given pressure the number of spots
depends upon the amgnitude of the corona current. If only a few
spots exist they will be grouped together around the side of the
bead nearest the tube, but when the current is large the spots

101
will form a "band extending entirely around the tube and of a
width of one centimeter or less. These spots vary in color from
pale yellow to a milky blue depending on the pressure, current
and size of wire. With low pressures and large currents these
spots may appear as brilliant green fens with yellow spots where
they touch the tube. The green color may be due to the brass tube
and not to an inherent property of the hydrogen.
The presence of these spots at the tube surface seems to in-
dicate an ionizing gradient in this region.
(o) Alternating Current Corona. With an alternating
voltage impressed across the tube the visible discharge may take
forms such as tliose shown in Figs. 33 and 35. In many cases thes
alternating current dischargee appear to be exactly similar to
the discharges observed with the wire negative. In all the pic- |
tures taken of corona in hydrogen the same character of discharg^
was observed for alternating current as for direct current when
the wire was negative with respect to the tube. This condition
clearly shows the characteristic positive discharge to be absent
indicating therefore either partial or perfect rectification. If
|
positive corona were present it would be evidenced by a uniform
glow between the negative beads.
2. Corona in Air. The photographs of corona in air in-
cluded in this paper are intended only as a short suppliment to
the work done by Harwell. Harwell confined his photographic work
to a study of the low pressure phenomena almost entirely and as
a consequence does not include other than the characteristic
uniform and beady positive and negative discharges of this re-
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gion. Figs. 33 and 35 represent well the characteristic forms
of the various discharges for air for two sizes of wire and for
pressures ranging from atmospheric to 87 mm. of mercury.
(a) Wire Positive. ii'or all pressures and sizes of wire
used a uniform purple glow surrounds the positive wire. The wire
has a tendency to vibrate at high pressures and high current den-
sities as indicated "by (g) of Fig. 33. The thickness of the lum-
j
inous film seems to be a constant for all current densities and
pressures, the intensity or brilliance of the discharge only
varying with the current and pressure.
(b) Wire Negative, With the wire negative the follow-
ing properties of the discharge are most prominent:
1. With a constant wire diameter and decreasing pressures the
discharge gradually changes from a nearly uniform, luminous mass
with ragged boundaries to a beady discharge such as is recorded
by Farwell. The luminous mass is shown breaking up into beads
at (e) and (g) Fig. 35. The beady formation starts in the neigh-
borhood of 100 mm. pressure.
2. For a constant pressure and decreasing wire radii the uni-
form luminous discharge gradually changes to the beady discharge
so that for small wires (less than 0.17 mm. in diameter) the
beady discharge occurs at all pressured between atmospheric and
|
50 mm. of mercury.
The other observed characteristics of negative corona dis-
charges are adequately discussed by Farwell.
(c) Alternating Current Corona. Photographs of alter-
nating current corona discharges for various pressures and two
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sizes of wire are also shown in Figs, 33 and 55. Evidently tliese
discharges are a combination of the discharges with the wire pos-
itive and with the wire negative. l\fo explanation of the appear-
ance seems necessary when one realizes that the heads appear dur-
ing the half cycle when the wire is negative and the uniform
glow during the half cycle when the wire is positive.
A comparison of the alternating current discharges for hy-
drogen and air dielectrics makes apparent at once the fact that i
rectification occurs in the one case but not (at least not to
any great extent) in the other.
If, with hydrogen as the dielectric the alternating voltage
on the tube is increased sufficiently the positive corona dis-
charge forms; and finally with a sufficient increase the positive
arc is produced. That the arcing first occurs during the half
cycle in which the wire is positive can be easily verified by
two methods, first, by visible means, and second, by oscillograph
records. By watching the discharge as the voltage is increased
to the spark-over stage one observes that the first arc to appear
is of a redish color. This is known to be a positive arc. Oscil-
logram Uo, 3E was taken to show the effect of the positive arc. |
The magnitude of the rectification becomes negligible immediatelyf
upon the formation of this arc.
The predominating color of the various discharges through
hydrogen is blue, ranging from a light silver blue to sky blue.
Por specific data in this regard see Tables XVI, X7II, ZVIII and
ZI2. The one marked exception to the characteristic blue color
is the brilliant red of the disruptive discharge from a positive

TABLE ZVIII
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CRITICAL VOLTAGE DETBRMUJATIONS FOR A NO. 26 COPPER WIRE.
Wire Diameter 0.395 Mn. Hydrogen Charge Uo. 20. Y;ire + .
Barom. Volts. No Aro. Arc in Series.
78. 1685. MLlky glow.
1680.
1725.
757.7 6800.
No effect until the arc stage is ap-
proached when many arcs are alternate-
ly made and broken by it producing
large lujninous spots on the tube.
Spotted Arc gives an almost uniform (can just de-i
milky tect the streamers in the gas glow) glow
|
glow in the gas. The tube seems to be lit un- i
surrounds iformly (again the small bright spots can
7030. wire. just be detected). The wire glow increas-
6880. Gas and es slightly in diameter and brilliance.
tube dark. Tube and gas glows are of the same pale
milk-blue color (probably a little green and yellow in it). Upon
|
increasing the voltage the gas and tube discharges become more
bluish and the wire discharge consists ef beads in a uniform
glow (similar to the wire negative discharge for wire No. 36).
641. 6125. Milky Long arc gives milky glow throughout and
glow spotted glow on wire of slightly increased
6190. on diameter and brilliance. Shortening the are
wire, produces a marked effect. The glow condensed
to blue streamers which end in points at the wire, and short linei
s of an incandescent silver color at the tube.
489.5 5140. Mlky Long arc produces silvery spots on wire
glow and on tube, and a slight glow in the in-
5125. surrounds ner third of the gas. Very small indistin
wire. ct streamers can be detected, especially
in this faint glow portion. A short arc eliminates all glow on
the wire and in the tube. Silvery spots occur on both the tube
and the wire. Faint silvery streamers run from the wire to tube.
Arc increases current ten fold.
386.2 4590. Uniform Arc produces silvery streamers having
milky glow brighter silvery terminals at the wire
surrounds and the tube. No glow occurs in the gas
4500. wire. or on the wire.
E76. 3537. Uniform milky
glow on wire.
3546.
150.3 2540. Uniform milk-
2540. blue glow on
wire.
Arc produces silvery streamers in
the gas. silvery spots occur on the
tube and on the wire.
Arc produces only four or five brighli
spots on the tube. The wire discharge
remains uniform.
52.8 1505. Mlk-blue glow Arc tends to expand the glow.
1510. on wire. J
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TABLE XIX
CRITICAL VOLTAGE DETERivIINATIOUS ^'OR A HO. 26 COPPER WIRE.
Wire Diameter 0.395 Mn. Hydrogen Charge Uo. 20. Wire - .
Barom. Volts. No Arc. Arc in Series.
78. 1455. Bead is one inch long and travels
back and forth along wire rapidly.
1490. Bright spots appear on the tube.
Spots and bead are of the same degree of incandescence.
But little
effect.
757.7 6320. The discharge starts all along
the wire and condenses to one
pale blue bead. Upon increasing the voltage
spots appear on the tube opposite the bead
which has now become incandescent. Two other
similar beads are also present with their
corresponding tube spots. The spots are of an
incandescent milky color.
6410. Ionization pressure « 4.0 mm.
641. 5400. One mlky fan bead. Increases
5520. of voltage increases the num-
5630. ber of fan beads.
489,5 4610. One incandescent centered milk-
4700. colored fan bead extends 3/32"
out from the tube.
With the voltage
comparatively great
an arc produces a
fuzzy discharge on
the wire in additio|.
to the characteris-
tic negative beads.
Arc has no effect.
Arc has no appre- .
ciable effect.
386.2 3885. Mlky fan bead with incandescent Arc has but little
3950. center. 3/32" in length. effect.
275. 3138. Milky fan bead with incandescent Arc has no effect
3147. center. other than to re-
duce the size and
intensity of bead.
150.3 2175. One bead with incandescent
2215. center. Arc has no effect.
52.8 1235. Corona starts with large uniform Arc has no Effect.
1310. glow all along wire. Diameter of
1280. glow = 1/4". Upon increasing the
voltage the discharge concentrates into one semi-
cylindrical bead of incandescent milk-blue hue.
|
Spots occur on the tube surface near the bead.
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wire. This red spark is immediately followed ty a pale "blue arc.
B. With an Arc in Series . When a direct potential is im-
pressed on the tube and a short arc (one millimeter or less in
length) is introduced into the circuit the following changes in
the characters of the discharges take place:
1. Wire Positive. With the wire positive and the tube
negative, and for large wires and low gas pressures, the intro-
duction of a short arc causes the uniform wire glow to break up
into radial blue streamers extending from the wire to the tube
and terminating in brilliant light blue spots at each end. This
discharge resembles a radial shower of blue light. The streamers
change from a bluish to a silvery color as the pressure is de-
creased (see Tables XVI and ZVIII). Lengthening the arc causes
the streamers to disappear and the entire tube becomes filled
with a pale bluish or silverish glow, depending on the gas pres-
sure. With small wires the glow in the gas is always uniform.
With all wires studied and high gas pressures the glow is always
uniform.
2. Wire Negative. With the wire negative the introduc-
tion of an arc in series with the tube causes very little change
in the appearance of the corona at the wire but causes a dis-
appearance of the bright spots on the surface of the tube. Con-
sult Tables ZVII and XIX for the detailed statement of the changes
for the various pressures.
V. CONCLUSIONS.
(1) Peek's law for the variation of the critical electric inten-
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sity with pressure and wire radius has "been found to hold as well
for a hydrogen dielectric as it does for the air dielectric for
which it was proposed.
(2) FoT similar pressure conditions and wire radii the critical
electric intensity for hydrogen is much smaller than for air.
(3) Throughout the entire field investigated corona in hydrogen
is maintained at potentials considerably smaller than those at
which it is formed. Corona in air is maintained only at potentials
equal to or greater than the critical voltage.
(4) For given pressure conditions and wire radii the critical
electric intensity varies inversely with the degree of ionization
of the dielectric. The variation of the ionization of the hydro-
gen dielectric witn the time elapsed after opening the corona
I
circuit has been found to approximately follow a logarithmic law.
|
No such variation of the critical voltage with lapsed time has
"been observed with an air dielectric.
(5) The characteristic curves for positive polarity of the wire
with hydrogen and air dielectrics respectively differ from each
other in that the voltage necessary to maintain a given current
in a hydrogen dielectric depends upon whether that value of cur-
rent has been approached from a higher or a lower current density,
while the voltage necess&ry to maintain a given current in an air
dielectric is independent of the path of approach.
(6) The negative characteristic for a hydrogen dielectric is en-
tirely dis-similar to the negative characteristic for an air die-
lectric.
(7) Complete rectification of alternating current is obtained
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"between concentric cylinders when the intervening space is filled
with hydrogen and an alternating potential difference sufficient-
ly high to produce negative corona is impressed "between the cy-
linders.
(8) This rectification continues after the negative arc has "been
established provided the proper conditions of pressure, wire ra-
dius and tube radius have been chosen. The formation of the red
positive arc destroys the rectifying characteristics. Direct cur-
rents as high as 0.12 amperes have been obtained with alternating
voltages of approximately 8,000 volts.
(9) Satisfactory rectification was produced with a 400,000 ohm
load in series with a single tub«. The maximum values of the cur-
rents drawn under these conditions were of the order of E«10
amperes.
(10) Por a negative polarity of the wire the distribution of
the electric field between the wire and the tube is such as to
produce ionizing potential gradients at the tube surface. The
ionizing gradient is evidenced by incandescent spots in the im-
mediate neighborhood of the tube. For small wires and low gas
pressures the number of spots at the tube is small, each spot
being comparatively large. For large wires and high gas pressures
the incandescent spots become very numerous. Bach spot is re-
duced in size until it assumes the proportions of a point.
(11) A short arc in series with the corona apparatus has but
little effect upon the character of the corona discharge other
than to cause the high voltage gradient at the tube surface to
disappear if the wire has a negative polarity. However, if the
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wire is of positive polarity the short arc causes the character-
istic uniform wire glow to expand into a uniform pale "blue glow
throughout the gas or to hreak up into radial blue or silver
colored streamers extending from the wire to the tube, depending
upon the pressure and radii- For large gas pressures and small
wires the gas glow is uniform, hut for small pressures and large
wires the gas discharge chsjiges to the streamer form. Both ter-
minals of the streamers are of an incandescent blue hue.
The investigations outlined in this paper were carried out
in the Laboratory of Physics at the University of Illinois under
the direction of Dr. Jacob Kunz, Associate Professor of Physics.
To him, and to Professor E.B. Paine of the Electrical Engineer-
ing Department and Professor A. P. Carman of the Physics Depart-
ment the author wishes to acknowledge his indebtedness for sug-
gestions and aid which have made this work possible.

APPEIIDIZ.
I, DIELECTRIC STRESS MD POTENTIAL GRADIEUT BETWEEN TWO
PARALLEL WIRES.
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Let p = any point between the two wires A and B.
+q = quantity of charge per unit length of wire A.
.^-^.^ -q = quantity of charge per unit length of wire B.
Fj^ = dielectric stress due to wire A.
= dielectric stress due to wire B.
D-^ F = total dielectric stress at point P = +
g = potential gradient.
= dielectric flux density due to wire A.
D-g = dielectric flux density due to wire B.
D = distance between wires.
K = specific inductive capacity of the dielectric.
E « potential difference between wires,
e = potential at point p.
from each centimeter length of wire A 4nq lines of dielectric
flux extend out normally and produce at the point p a flux den-
sity 4nq Eq
Da « » — lines per so. cm.
2nr r
The electrostatic force at p due to wire A is then
D. 2q
P. « - « — dynes. Likewise, the charge (-a)
^ K Zr
on wire B produces at p an electrostatic force
Db 2q
K K(D-r)
Eq 1 1
Pg = - « dynes, acting in the same direction as
P^. Hence
P 'Pr + Pa* — (- + ) dynes.
^ K r D-r
The potential difference between the wires is
rD-R Eq rD-R 11 4q D-R
£ a P»dr = — (- + ) cLr » — log .
•^R E •'R r D-r E R
Hence we find the charge per unit length of wire to be
E«E
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The electrostatic potential gradient now "becomes
S 11
F = + ) volts per cm.
2*log r ]>r
R
II. DIELECTRIC STRESS MD POTENTIAL GRADIENT BETWEEN A WIRE
AND A TUBE CONCENTRICALLY ARRANGED.
Let E = potential of wire with respect to tute.
R-|_- inside radius of tube.
R » radius of wire.
q_ = charge per unit length of wire,
p = any point between wire and tube,
r = distance from center of wire to point p.
D « flux density at p.
F = dielectric strees at p.
Z = specific inductive capacity of dielectric.
Assume the tube to be at ground potential. Then, from each unit
length of wire 4nq lines of dielectric flux extend out normally
and produce a flux density at p
4nq 2q
D = -— « — lines per sq. cm.
2nr r
The electrostatic force at the point p is then
D Eq
p B - a «_ dynes.
K Kr
The potential of the wire is
-I
Ri
R
F«dr
2q rR;L
K Jr r
2q Rl
— log - .
K R
The charge per centimeter length is
q s gjj^ p a —
E-log SI Er
R
R]
r log -
R
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